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FORTRAN PROGRAM FOR CALCULATING COOLANT FLOW AND
METAL TEMPERATURES OF A FULL-COVERAGE-
FILM-COOLED VANE OR BLADE
by Peter L. Meitner

Propulision Laboratory
U.S. Army R&T Laboratories (AVRADCOM)

SUMMARY

A FORTRAN computer program called FCFC has been developed that calculates the
coolant flow and the wall temperatures of a full -coverage-film-cooled vane or blade.
Coolant flow is treated as one-dimensional and compressible, Heat transfer to the cool-
ant due to impingement on the shell inner surface and convection in the film -cooling holes
is calculated. Coolant supply pressures and main-stream gas static pressures can vary
from hole row to row, and centrifugal effects can be included for blade calculations.
Heat-transfer calculations can be excluded so that the program can be used as a flow
program only.

The vane or blade metal temperatures are calculated for the shell inner and outer

surfaces. All these temperatures are average values for a shell outer -surface area as-
sociated with each film-cooling hole row, The heat-transfer calculations are one-

dimensional through the wall and neglect conduction from adjacent areas. A thermal-
barrier coating may be specified on the shell outer surface, With this option, the pro-
gram also calculates the interface temperature between the metal and the ceramic
coating.

The program input is the chamber geometry (hole sizes, hole spacings, etc.); cool-
ant supply temperature and pressures; and main-stream gas heat-transfer coefficients,
pressure, and velocity and temperature distributions. The physical properties of the
coolant and the thermal conductivities of the metal and the ceramic coating are input as
functions of temperature. The coolant flow coefficients for the impingement and film -
cooling holes are input as functions of Mach number. The program output is a summary
of the geometric data and the calculated coolant -flow and heat-transfer results.

This report presents the analytical procedure and identifies the necessary assump-

tions. It describes program input and output, explains error messages, illustrates two
examples, and provides a program listing.



INTRODUCTION

Full -coverage film cooling is a very effective scheme for protecting turbine com -
ponents from the hostile operating environment of high main-stream gas temperature and
pressure. Full-coverage film cooling permits higher operating temperatures and pres-
sures than convection cooling for greater overall cycle efficiency (lower specific fuel
consumption) at acceptable coolant flow rates (ref. 1). For maximum effectiveness,
compressor discharge air is first impinged on the inner surface of the vane or blade
shell to remove heat by convection (ref. 2). The cooling air is then bled out through a
large number of evenly distributed holes in the shell, The coolant forms a continuous,
relatively cool, insulating layer between the shell outer surface and the hot main-stream
gas.

Numerous experiments and analyses of various aspects of full -coverage film cooling
have appeared in the open literature, and the analysis of this report is based in part on
the results of references 3 to 6. Reference 3 approximates full-coverage film cooling as
a form of transpiration cooling and derives the equations for metal and coolant temper -
ature distribution for specified coolant flow, specified shell outer -surface temperature,
and specified back -side -impingement and internal -wall heat-transfer coefficients. Ref-
erence 4 describes a computer program that calculates the heat-transfer coefficients for
a turbulent boundary layer on a porous wall and reference 5 describes a discrete-hole
blowing model for full-coverage film cooling. Reference 6 establishes flow coefficients
for a typical full-coverage-film-cooled geometry.

Although these reports describe many aspects of full -coverage film cooling, these
aspects have not been combined into an overall analytical procedure. Such a procedure’
has been developed and is reported herein. The coolant flow and the wall and coolant
temperature distributions are calculated for a given vane or blade geometry; given cool-
ant supply temperature and pressure; and given main-stream gas heat-transfer, tem-
perature, pressure, and velocity conditions. Heat and flow balances are performed for
each specified row of film-cooling holes and its associated portion of the shell outer sur-
face. The flow and heat-transfer equations are solved simultaneously on the basis of
compressible, one-dimensional fluid flow and one-dimensional heat transfer. For the
heat -transfer calculations the equations of reference 3 are expanded and modified for a
two-layer model to allow the inclusion of a thermal -barrier coating, Centrifugal pump-
ing effects are included for blade calculations,

The computer program is in FORTRAN IV and is operational on a UNIVAC 1100/42
computer, The program consists of 1650 cards and occupies 22 500 36 -bit words of
memory. Its execution time is typically less than 15 seconds,

This report explains the analytical procedure used to develop a computer program
called FCFC (full -coverage film cooling), which performs the described calculations.



The report lists the formulas used, identifies the necessary assumptions, describes the
required program input, illustrates two examples, discusses the program output, ex-
plains the program error messages, and provides a program listing.

METHOD OF ANALYSIS
Geometry and Terminology

Figure 1 shows a section of a typical full -coverage-film-cooled blade. Internal
ribs, together with an insert, divide the blade cross section into individual chambers.
The large variations in main-stream gas pressure and velocity around the airfoil periph-
ery make chambers necessary to control and meter the coolant flow at the most advan-
tageous local mass flux ratio, m = (pV)c/ (pV)g. (All symbols are defined in appendix A.)
The analysis described herein is for a single chamber in a vane or blade. The entire
vane or blade is analyzed by performing the calculations for every chamber in that vane
or blade,

Figure 2 shows a cross section of a chamber and identifies the coolant flow stations.
Station 1 is the supply plenum, station 2 is the impingement orifice plane, station 3 is
the impingement plenum, and stations 4 and 5 are the inlet and outlet of the film -cooling
holes, respectively. Station 6 is the main-stream gas flow immediately adjacent to the
shell outer surface. For subsonic flow through the film -cooling holes, the static pres-
sures at stations 5 and 6 will be equal. For sonic flow, however, the static pressure
will be greater at station 5 than at station 6.

The film -cooling holes in the shell are oriented by the angles o and B, as shown
in figure 3. The angle a is formed by the hole centerline and its projection in the tan-
gent plane, The angle B lies in the tangent plane and is measured from a chordwise
line through the hole centerline and its projection in the tangent plane. An angle of
g =0° implies in-line holes (alined in the main-stream gas flow direction), while
8 =90° implies radially oriented (spanwise) holes.

Assumptions

The flow and heat-transfer calculations of this analysis are performed with the fol -
lowing assumptions:

(1) Coolant flow is one-dimensional from the supply plenum into the main-stream
gas.

(2) For a rotating blade, the radial pressure variation in the impingement plenum
is that of a stationary column of air under the influence of a rotating field.



(3) For a rotating blade with compound-angle holes (3 > 0 and hole entrances and
exits at different radial locations), the pressure changes in the film-cooling holes due to
centrifugal pumping are much less than the normal pressure drop across the holes.

(4) Each film -cooling hole row cools only its associated area of shell outer surface,

(5) Heat transfer is one-dimensional through the vane or blade shell (stations 4 to 5).
Calculations are performed for each specified row of film-cooling holes (including back-
side impingement and convective heat transfer in the holes), but conduction between ad-
jacent rows is neglected.

(6) The calculated back-side impingement heat-transfer coefficients are averaged
over the entire inner surface (back side) of the shell. Specific impingement rows are
not associated with specific film-cooling rows, or conversely.

Flow Analyéis

Overall balanced coolant flow can exist through a full -coverage-film -cooled chamber
even if one or more holes have reverse flow, that is, for example, if main-stream gas
flow travels from station 5 to station 4 in the film-cooling holes or coolant flow travels
from station 3 to station 1 in the impingement holes. However, such a situation is un-
acceptable from a design standpoint since any inflow of hot main-stream gas will render
the design useless. Therefore, the flow analysis does not allow reverse flow. The de-
tailed flow equations are presented in appendix B, :

For a given vane or blade chamber, the main-stream static pressures (station 6)
can vary in the chordwise, as well as in the spanwise, direction. For a vane the coolant
pressure in the impingement plenum (station 3) will be constant, but for a rotating blade
this pressure will vary in the radial direction. For proper flow balancing, therefore,
each chamber in a vane or blade must be subdivided into either spanwise or chordwise
rows of impingement and film -cooling holes, as shown in the following sections.

Vane. - Figure 4 shows the outline of a typical full -coverage-film-cooled vane and
one of its pressure-side chambers, which has been divided into rows of impingement
holes and film -cooling holes with associated shell outer -surface areas. Each shell area
is assumed to be cooled solely by the coolant flow through the holes within that area. A
vane impingement row consists of one or more equal-size impingement holes that have a
common supply pressure. A vane film -cooling row consists of one or more equal -size
film -cooling holes and the associated shell outer -surface area, which has constant main-
stream gas temperature, pressure, and heat-transfer coefficients acting over its sur-
face. A vane chamber can be divided into either spanwise or chordwise rows of holes,
as illustrated in figure 4.



Before the coolant impingement inflow and film -cooling outflow can be calculated,
the pressure in the impingement plenum (station 3) must be known. However, in any de-
sign, only the supply pressures (station 1) and the main-stream gas static pressures
(station 6) are known. The impingement plenum pressure for balanced coolant inflow and
outflow must be obtained in an iterative manner as follows: Avoiding reverse flow at the
impingement and film -cooling holes requires that the impingement plenum pressure be
less than the lowest specified impingement supply pressure and more than the highest
specified main-stream gas static pressure, Initially, the plenum pressure is taken to be
the average of these pressures, and the coolant inflow and outflow are calculated. If the
resulting outflow is greater or less than the inflow, the plenum pressure is decreased or
increased, respectively, in the next flow iteration. The procedure is continued until the
inflow and outflow are within a relative tolerance of 0. 1 percent.

Blade. -~ Figure 5 shows the outline of a typical full-coverage-film -cooled blade and
one of its pressure-side chambers, which has been divided into chordwise rows of im-
pingement holes and film -cooling holes with associated shell outer -surface areas, As
for the vane, each shell area is assumed to be cooled solely by the coolant flow through
the holes within that area. A blade impingement row consists of one or more equal-size
impingement holes that have a common supply pressure as well as a common radial lo-
cation (distance from shaft centerline). A blade film -cooling row consists of one or
more equal-size film-cooling holes at a common radial location and the associated shell
outer -surface area, which has constant main-stream gas temperature, pressure, and
heat-transfer coefficients acting over its surface. A blade may be divided only into
chordwise impingement and film -cooling rows of holes, as shown in figure 5.

In a rotating blade, the pressures in the supply and impingement plenums (stations 1
and 3, respectively) will vary from hub to tip. The radial supply pressure distribution
must be specified and the resulting impingement plenum pressure distribution determined
to calculate the coolant flow through the blade. Since there will be many rows of im-
pingement and film -cooling holes along the span, the coolant flow from station 1 to sta-
tion 6 will be essentially one-dimensional, with little distance traveled in the radial di-
rection. The radial pressure variation in the impingement plenum can thus be assumed
to be that of a stationary column of coolant under the influence of a rotating field. For a
given pressure at a specific radial station (p0 at station ro), the pressure at any other
radius r is given by

wz (I‘z - I’%)

p(r) = py exp
ZRTgc

An allowable range of base pressure is established at the minimum specified radius such
that no reverse flow can occur at any impingement or film-cooling row. The total coolant
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inflow and outflow are then balanced by the iterative procedure described previously for
a vane, with the impingement plenum pressure at each impingement and film -cooling row
calculated by the preceding equation.

Heat-Transfer Analysis

Metal and coolant temperature distributions are calculated for each shell outer-
surface area associated with a specific film-cooling row. The detailed equations are
presented in appendix B. These calculations cannot be done in a closed form and must
be accomplished in an iterative manner according to the following procedure: In appen-
dix B, the following expression for shell outer -surface temperature is obtained by con-
sidering heat flux through a wall:

g T, 19y 1 - e
w,0 g _
’ hg(O,x) n Ahg + T;GCCp

This equation cannot be solved directly, since the overall effectiveness 7 is also a
function of Tw o The overall effectiveness can be expressed in terms of the nondimen-
sional coolant~(;ut1et temperature as

2 2
a a
_ _ 1)1.*1 3 1.2
n—ec’l(l)—CZ 1—-)—\-6 +C3 1-—)—\-6
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A “% %

) Ay

without and with a shell outer -surface coating, respectively. The expressions for ¢ c,1
and ¢ c,2 involve both the back-side impingement and film -cooling -hole heat-transfer
coefficients. For an uncoated shell with an assumed shell outer -surface temperature
Tw 0’ the coolant temperatures at the inlet T c,i and outlet T ¢,0 of the film -cooling

holes and the shell inner-surface temperature Tw j are given by
’

2] 2%
T D|Ca|1-=)+Cy (1-=)f+T

T .=(T
( A by ¢,

c,i w,0



Tc,o =N (Tw,o - Tc,oo) + Tc,°°

€,
For a coated shell, the coolant temperature at the film-cooling hole inlet T c.i’ at the
interface between the metal and the coating T c.if’ and at the film-cooling hole outlet
Tc o> the shell inner -surface temperature T ’.: and the interface temperature T

w,i’ w,if
are given by

- 1 -
Tc,i—(TW,O —TC,OO) C2 1 - — +C3 ( — ,oo
2
T :(T -T ) C - +C 1 "3—2—' +T
c,if w,0 c,o 2 ' 3 Xy c,®
Te,0=" (Tw,o 'Tc,co *Te w
T

w,i " (Tw,o ~T¢,o)(Cy +C3) + Te,

44 )
Tw,if = (Tw,o - Tc,w)(Cze +Cge ) + Tc,oo
The overall iterative solution scheme is illustrated by the flow diagram of figure 6,
Equation numbers for cases with a thermal-barrier coating are marked with an asterisk,
The impingement and film -cooling hole heat-transfer coefficients are functions of the
calculated wall temperatures or coolant temperatures (through the physical properties)
as indicated. The procedure of figure 6 is performed for every row of film -cooling holes
at every flow-balancing iteration. The generated value of coolant-outlet temperature

T. o affects the density and thus the calculated weight flow in the next flow iteration,
R ?

-~ PROGRAM INPUT

The input to FCFC consists of a title card, a series of tabular input cards, and a
series of cards describing each chamber to be analyzed. The tabular inputs are the only
formatted data input. The data for each specific chamber are input in NAMELIST form.



An input data form is shown in table I. The required input cards are the title card, the
tabular input cards, and the chamber input cards.

Title Card

The title card must always be present and is used to identify the particular set of
runs, All 80 columns can be used.

Tabular Input Cards

The tabular input cards describe the required coolant and material physical prop-
erties, as well as the coolant flow coefficients. Each set consists of three or more
cards as follows:

Card 1: NP in I2 format, where NP is the number of points in the table

Cards 2a, 2b, 2c: the NP x-values describing the table in ascending order and in

8F10.0 format (a maximum of 24 points)

Cards 3a, 3b, 3c: the corresponding NP y-values in 8F10. 0 format
The tables to be input, along with the required SI or U.S. customary units, are shown in
table II,

Tables 1to 6 must always be supplied. Tables 7 and 8 can be deleted if there is no
main -stream flow; tables 9 and 10, if no heat-transfer calculations are to take place
(FCFC used for flow analysis only); and table 10, if there is no ceramic coating. To
delete a table, input zero in card column 2 of the NP card. The tables of impingement-
hole discharge coefficient (CD)i, film-~cooling hole total-pressure loss coefficient
(KT)nm g’ and film-cooling hole flow reduction due to main-stream gas flow RT (tables
5, 6, and 7, respectively) are given in reference 6, The program flow calculations are
based on flow coefficients as defined in reference 6. The impingement-hole discharge
coefficient (CD) is defined as the ratio of actual to ideal flow, the film-cooling hole total-
pressure loss coefficient is defined as

Py - Ps
(KT)nmgz ? >
P5 - P5

and the film -cooling hole flow reduction due to main-stream gas flow is defined as

RT = Actual coolant flow with main-stream gas flow
Calculated coolant flow with no main-stream gas flow



The RT values of reference 6 are for a compound film -cooling hole angle g of 0°.
Table 8 is used to correct RT for other values of B (from 0° to 900).

The program FCFC generates a spline curve fit from each inputted set of tabular
data. The curve-fitting procedure requires the slopes at the end points. These slopes
are calculated from the first two and last two data points. For this reason, these points
should be chosen such that fairing a straight line between them gives a good approxima-
tion to the slope of the curve at the end points., For all tables, at least three input points
are needed. K the program calls for a value at an x-location outside the range of the in-
put table, the value at the nearest end point is used and an appropriate warning message
is printed out. ’

The input coordinates for table 8 are rotated through an anglé of 450, and the spline
fitting takes place in the rotated coordinate system. This gives a better curve fit for
data with rapid changes in slope such as occur in input table 8.

Chamber Input Cards

The data for each chamber are preceded by $DATT, which is punched starting in
card column 2, The variable names (starting in card column 2 or beyond) are followed
by an equal sign and the value or values of the variable, separated by commas. For
each chamber, the number of impingement hole rows NIR and the number of film-cooling
hole rows NFCR are specified; the maximum allowable rows are 25 and 50, respectively.
Subscripted variables are associated with specific rows; that is, the Nth subscripted
value is associated with the Nth row of holes. When fewer than the maximum number of
rows are specified, subscripted variables need only have as many input values as the
specified number of rows. Integer values must be input without decimal points. The
last data value for each chamber is followed by a § instead of a comma, The input data
are retained for multiple chamber inputs. Thus, if a variable is common to successive
chambers, it has to be input just once for the initial chamber. The chamber geometry
input variables are defined by figure 7. All chamber input variables, along with the re-
quired SI or U.S. customary units, are shown in table II.

The variables TUNTS to OMG in table III specify the types of calculations desired.
These variables have been assigned default values as shown. The variables NIR to RGAS
are associated with the impingement hole rows: NIR is the number of specified impinge -
ment hole rows, and NIHPR to P1T are subscripted variables associated with the im-
pingement rows. As such, each variable must have at least NIR input values. The var-
iable HSP1, the hole spacing for each impingement row, is used in determining the back-
side impingement heat-transfer coefficient (eq. (B11)). This correlation is based on a
square impingement array, with equal spacings in the spanwise and chordwise directions,
as shown in figure 7. In practice, however, these spacings may differ and the average



of the two épacings should then be specified. The variables TT and RGAS define the
coolant gas; they are not subscripted and are thus constant for all rows of impingement
holes. '

The variables NFCR to ROV2G of table ITI are associated with the film -cooling hole
rows. The variable NFCR is the number of specified film -cooling hole rows, and
NFCHPR to ROV2G are subscripted variables that must have at least NFCR values. The
variable HSP5 is the hole spacing for each film-cooling hole row (fig. 7), and, as for
HSP1, an unequal array spacing should be reduced to an equivalent square spacing. The
variable HFC4 (h factor at station 4; fig. 2) is a modification factor for the calculated
impingement heat-transfer coefficient at each film-cooling hole row. For the film-
cooling heat-transfer calculations, the calculated impingement heat-transfer coefficients
are averaged over the shell back side (inner surface), since the program does not asso-
ciate specific impingement rows with certain film -cooling-hole rows, or conversely.
When back -side heat-transfer coefficients vary (from centrifugal effects or from im-
pinging at less than perpendicular to the surface), HFC4 is a multiplier used to modify
the back -side heat-transfer coefficient at the specified film -cooling-hole rows. (This
variable has a default value of 1.0.) The variable HFC45 (h factor for stations 4 to 5;
fig. 2) is a multiplier used to modify the calculated film-cooling hole heat-transfer co-
efficients for each row (eq. (B13)). Equation (B13) is valid for hole length-diameter
ratios L/D between 1.0 and 8.0. For L/D less than 1.0, reference 7 measured heat-
transfer coefficients that were as much as 50 percent greater than predicted by equa-
tion (B13) (entrance effects). The correction factor HFC45, which has a default value of
1.0, is used to account for this. The variable TMSG is the main-stream gas temper -
ature, which must be the same as the temperature used to evaluate the main-stream gas
heat-transfer coefficients.

PROGRAM OUTPUT

The FCFC output is a printout of the title card, the input data for all specified tables,
and the calculated results for each chamber. The chamber output consists of the follow-
ing messages and blocks of tabulated data:

----- OUTPUT FOR CHAMBER XX -----

Units and Option Messages

XX ROWS OF IMPINGEMENT HOLES

Impingement Hole Input Data

10



XX ROWS OF FILM COOLING HOLES

Film-Cooling Hole Input Data

IMPINGEMENT AND FILM COOLING FLOWS HAVE CONVERGED IN
XX OVERALL ITERATIONS

INFLOW EQUALS XXXXX.XXX KG/HR (LBM/HR)

Impingement Flow Results

OUTFLOW EQUALS XXXXX ., XXX KG/HR (LBM/HR)

Film-Cooling Flow Results

HEAT TRANSFER RESULTS

Heat-Transfer Results

Each of these blocks is described in the following subsections.

Units and Option Messages

One or more of the following messages about the system of units and the particular
options used are printed out:

SI (ENGLISH) SYSTEM OF UNITS
COOLANT GAS CONSTANT = XXXXXX.XX J/(KG-K) ((FT-LBF)/(LBM-R))

THIS CASE IS FLOW ANALYSIS ONLY AND INCLUDES NO METAL TEMPERATURE
CALCULATIONS

THIS CASE INCLUDES A THERMAL BARRIER COATING

THIS CASE INCLUDES CENTRIFUGAL EFFECTS. ROTATIONAL SPEED ECUALS
XXXXX . XX RPM

11



Impingement Hole Input Data

This block of output tabulates the following for each row of impingement holes:

ROW impingement row number

HOLES number of holes per row

DIAMETER hole diameter, mm; in,

WALL impingement wall thickness, mm; in.
THICKNESS .

L/D hole length-diameter ratio

HOLE SPACING hole spacing, mm; in,

IMPINGEMENT impingement distance, mm; in.
DISTANCE

R1 distance from shaft centerline, mm; in,
P1T supply total pressure, N/cmz; psia

For noncentrifugal calculations, R1 is printed as zero.

Film -Cooling Hole Input Data

This block of output tabulates the following for each row of film-cooling holes:

ROW row number
HOLES number of holes per row
DIAMETER hole diameter, mm; in.
THICKNESS
WALL wall metal thickness, mm; in.
COATING coating thickness, mm; in.
L/D hole length-diameter ratio

HOLE SPACING hole spacing, mm; in,

ALPHA hole chordwise inclination angle

BETA hole compound inclination angle

RHOVG main-stream gas value of pV, kg/m2- hr; Ibm/ft%. hr
RHOV2G main -stream gas value of pV2, kg/m- hr2; Ibm/ft. hr2

12



R4 distance from shaft centerline, mm; in,
P6 main-stream gas static back pressure, N/cm2; psia

The L/D is that value associated with the combined thickness of the wall and any speci-
fied coating. When no main-stream flow is specified (MSBL=0), main-stream gas
RHOVG and RHOV2G are printed as zero. The variable R4 is the location of the film -
cooling hole centerline on the shell inner surface. For noncentrifugal calculations, R4
is printed as zero.

Impingement Flow Results

This block of output tabulates the following for each row of impingement holes:

IMP ROW row number

PSPLYT  coolant supply total pressure, N/cmz; psia
P2 static pressure, N/cmz; psia

M2 Mach number

T2T total temperature, K; °F

T2 static temperature, K; °F

WIMP coolant inflow, kg/hr; lbm/hr

CDIMP impingement discharge coefficient

The coolant supply total pressure, shown as P1T in the section Impingement Hole Input
Data, is repeated here as PSPLYT.

Film -Cooling Flow Results

This block of output tabulates the following for each row of film-cooling holes:

FC ROW row number
2

P3T impingement plenum pressure, N/cm“; psia
P4 static pressure at inlet, N/cmz; psia

M4 Mach number at inlet

T4T total temperature at inlet, K; oF

T4 static temperature at inlet, K; °F

P5T total pressure at exit, N/cm2; psia

13



P5 static pressure at exit, N/cmz; psia

M5 Mach number at exit
TST total temperature at exit, K; OF
T5 static temperature at exit, K; oF

TCTIF total coolant temperature at metal -coating interface, K; OF

wOouT coolant outflow, kg/hr; lbm/hr

KT total-pressure loss coefficient

RT reduction in coolant flow due to main-stream flow

RT correction factor for RT

CORR

RHOV ratio of coolant-to-main-stream density times velocity

RATIO .

RHOVSQ ratio of coolant-to-main-stream density times velocity squared
RATIO

ITRS number of iterations needed to achieve film-cooling flow convergence

in last overall flow iteration

When no coating is specified (KCLC=0), the coolant interface total temperature prints
zeros. When no main-stream flow is specified (MSBL=0), the pV and pV2 ratios print
zeros and RT and RT CORR print 1.0. The main-stream pressure, shown as P6 in the
section Film -Cooling Hole Input Data, is repeated here as P5. If the flow through the
film -cooling holes is subsonic, P5 and P6 will be equal. However, for choked flow, P5
will be that pressure determined from the compressible-flow relations at Mach 1., 0" and
will be greater than the specified main -stream pressure P6.

Heat -Transfer Results

This block of output tabulates the following for each row of film -cooling holes:

FC ROW row number
HEAT TRANSFER
COEFFICIENTS:
HGO main~stream gas heat-transfer coefficient for coolant temperature
equal to main-stream gas temperature, J/m2 -sec- K; Btu/ftQ-
0
hr-"R
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HG1

FC-HOLE

IMPG

H MODIFIC ATION
FACTORS:

FC-HOLE

IMPG

COOLED AREA
GAS TEMP

WALL TEMP -
ERATURE:

OUTSIDE
INTFACE
INSIDE

AVG, THERM.,
COND. :

METAL
COATING
ETA
ITR

main-stream gas heat-transfer coefficient for coolant temperature
equal to shell outer-surface temperature, J/m2 -sec - K; Btu/ft2.
hr - °R

heat -transfer coefficient in film -cooling hole, J/mz- sec-K;
Btu/ft? . hr - °R

back -side impingement heat -transfer coefficient, J/mz- sec-K:
Btu/ft? . hr . °R

modification factor for film -cooling hole heat -transfer coefficient
(inputted HF C45)

modification factor for back-side impingement heat -transfer coeffi-
cient (inputted HFC4)
cooled area associated with each film-cooling row, cmzz in. 2

main-stream gas temperature, K; OFi

shell outer -surface temperature, K; op
shell interface temperature, K; oF

shell inner -surface temperature, K; Of

metal average thermal conductivity, J/cm- sec- K: Btu/ft- hr- °R
coating average thermal conductivity, J.'cm-sec-K: Btu/ft- hr- °R
overall effectiveness

number of iterations required to achieve metal temperature con-
vergence in last flow iteration

The tabulated values of film ~-cooling hole and impingement heat-transfer coefficients

include their corresponding modification factors.
the interface temperatures and coating thermal conductivities are set to zero.

When no coating is specified (KCLC=0),
The aver-

age thermal conductivities for the metal and coating are evaluated at the average temper -

atures through the metal and coating, respectively.
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Error Messages

Error messages have been incorporated in the calculation procedure. The messages
for the main program and the various subroutines, along with possible causes and cor-
rective actions, are as follows (where error messages that do not stop program execu-
tion are preceded by the word ""WARNING'"):

Main program. - The error messages for the main program are

CASE ABORTED - A REQUIRED CURVE WAS NOT INPUT OR WAS SPECIFIED
BY LESS THAN 3 POINTS

Check the required input tables and add the missing data or specify at least three points.
CASE ABORTED - COATING WAS SPECIFIED BUT NO COATING THICKNESS
Specify coating thickness.

CASE ABORTED - THE SPECIFIED PRESSURES WILL RESULT IN REVERSE
FLOW

Check the specified supply and back pressures or alter hole sizes.

WARNING - T2 HAS NOT CONVERGED IN 15 ITERATIONS FOR IMPINGEMENT
ROW XX

This message could be caused by specifying significantly erroneous physical properties.

WARNING - T5 HAS NOT CONVERGED IN 15 ITERATIONS FOR FILM COOLING
ROW XX

WARNING - T5T HAS NOT CONVERGED IN 15 ITERATIONS IN OVERALL
FLOW ITERATION XX

These messages could be caused by specifying significantly erroneous physical prop-
erties or the heat -transfer -coefficient modification factor HFC45.

WARNING - THE AVERAGE PRESSURE BETWEEN STATIONS 4 AND 5 HAS
NOT CONVERGED IN 15 ITERATIONS FOR FILM COOLING ROW
XX

WARNING - P5T HAS NOT CONVERGED IN 15 ITERATIONS FOR FILM
COOLING ROW XX

These messages could be caused by specifying significantly erroneous physical prop-
erties or the total-pressure loss coefficient curve (KT)nmg,
IMPINGEMENT AND FILM COOLING FLOWS HAVE NOT CONVERGED IN
25 TTERATIONS

Change hole sizes and/or supply and back pressures.
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Subroutine TMETO. - The error message for subroutine TMETO is

WARNING - OUTER WALL TEMPERATURE HAS NOT CONVERGED IN 15
ITERATIONS IN OVERALL FLOW ITERATION XX

This error message can be caused by specifying erroneous values of the main-stream
gas heat-transfer coefficients HGO and HG1. The message can also be caused by the
initial values assumed in the iterative process. If the message appears for values of
overall flow iteration that are less than the actual number of flow iterations required
(given by the message "IMPINGEMENT AND FILM COOLING FLOWS HAVE CON -
VERGED IN XX OVERALL ITERATIONS''), the solution is valid.

Subroutine MNEW, - The error message for subroutine MNEW is

WARNING - M HAS NOT CONVERGED IN 25 ITERATIONS

Check the inputted table of total-pressure loss coefficient (KT)nm(,.
o

Subroutine SPLINE, - The error messages for subroutine SPLINE are

WARNING - A SPECIFIED X-VALUE (XXXXX.XXX) IS BELOW THE RANGE
OF INPUT TABLE XX

WARNING - A SPECIFIED X-VALUE (XXXXX.XXX) IS ABOVE THE RANGE
OF INPUT TABLE XX

Check the inputted tables and extend their range as required.

EXAMPLE PROBLEMS

The use of FCFC is illustrated by analyzing a chamber on both the vane and blade of
a high-temperature, high-pressure core turbine. Example 1 demonstrates flow and heat-
transfer calculations for a vane chamber with a thermal -barrier coating. Example 2
demonstrates centrifugal flow calculations without heat transfer and thus shows how
FCFC can be used as a flow program only.

The inputted tables of impingement discharge coefficient (CD)i, film -cooling hole
total-pressure loss coefficient KT),m g’ and film -cooling hole flow reduction due to
main-stream gas flow RT were obtained from reference 6. The main-stream gas heat-
transfer coefficients HGO and HG1 were evaluated by using the Stanford University
STAN5 computer program of reference 4 which was modified to include the discrete-hole
blowing model of reference 5.
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Example 1

A section of the vane and chamber that were analyzed is shown in figure 8. Also
shown are the impingement hole diameters; the film-cooling hole diameters; the main-
stream gas pressures P6; and the associated main-stream gas values of pV, sz, HGO,
and HG1. The vane material is MAR-M509 and the coating is yttria-stabilized zirconia
(Y203 -Zr02). The vane span is 3. 81 centimeters (1.50 in. ), and the impingement and
film -cooling hole spacings are 0. 381 and 0. 254 centimeter (0. 15 and 0. 10 in. ), respec-
tively. The shell and thermal -barrier coating thicknesses are 0. 127 and 0. 0127 centi-
meter (0.050 and 0. 005 in. ), respectively, with an impingement distance of 0. 0889 centi-
meter (0.035in.). Coolant supply pressure is 404 N/cm2 (586 psia) and coolant tem -
peratgre is 811 K (10000 F). Main-stream gas hot-spot temperature is 2550 K
(4130° F).

Example 2

A section of the blade and chamber that were analyzed is shown in figure 9. The
blade span and the impingement and film-cooling hole spacings are the same as for the
vane of example 1. Impingement and film -cooling hole sizes are constant at 0.4318 and
0.4572 millimeter (0.017 and 0. 018 in. ), respectively. For this example, which in-
volves no heat-transfer calculations, the wall thickness and the impingement distances
were taken to be constant at 1. 016 and 0. 762 millimeter (0. 040 and 0. 030 in.), respec-
tively. In the actual blade, both vary from hub to tip. Coolant supply temperature was
811 K (1000° F). The analysis was further simplified by assuming an impingement and
film -cooling row at each of 15 specified radial locations, (In general, impingement and
film -cooling rows are staggered.) Also, each film-cooling row was taken to consist of
two adjacent holes (one from. each chordwise station) and was assumed to have a radial
position equal to the average radial position of the two holes (fig. 9). The radial varia-
tions of coolant supply pressure P1T and main-stream gas values of static pressure P6,
pV, and pV2 for the 15 rows are tabulated in figure 9.

Table IV lists the input data for the two example problems. The title card, the tab-
ular inputs, and the chamber inputs are identified. Tables V to VII show the program
output for the two examples. Table V shows the title card and all tabular data. Tables
VI and VII are the outputs for the vane and blade chambers, respectively.

Lewis Research Center, )
National Aeronautics and Space Administration,
Cleveland, Ohio, March 22, 1978,
505-04.
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APPENDIX A

SYMBOLS

area, mz; f’c2

parameters defined by eqs. (C5) and (C6)

discharge coefficient

specific heat at constant pressure, J/(g-K); Btu/(lbm- °R)
constants of integration defined by eq. (C45)

diameter, m; ft

function values at specified input points

flow rate per unit area, kg/(mz. hr); lbm/(ftz- hr)
force-mass conversion constant, 1; 32. 174 (lbm)(ft)/ (Ibf)(secz)

porous-wall-matrix, internal, volumetric, heat-transfer coefficient defined
by eq. (C10), J/(m®. hr-K); Btu/(ft>- hr- °R)

heat-transfer coefficient, J/ (m2- hr.K); Btu/(ftz- hr- °R)

porous-wall -matrix, heat-transfer coefficient, J/(m2- hr-K); Btu/(ft2- hr-°R)
total-pressure loss coefficient for flow into still air

thermal conductivity, J/(m- hr-K); Btu/(ft- hr. °R).

thickness, mj ft

length, m; ft

Mach number

blowing ratio, (pV) c/(pV)g

dimensionless heat-transfer -coefficient parameter defined by eq. (C17)
Nusselt number

Prandtl I‘lumberr

pressure, N/m2; lbf/ft2

heat flux, J/(m2.hr); Btu/(gt®. hr)

gas constant, J/(kg.K); ft-Ibf/(lbm-°R)

Reynolds number
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RT ratio of coolant flow with main-stream gas flow to coolant flow without main-
stream gas flow

r radius, m; ft

T temperature, K; °R

\'s velocity, m/sec; ft/sec

w flow rate, kg/hr; 1bom/hr

X distance, m; ft

y function value at any arbitrary ordinate location

Z porous-wall -matrix, internal surface area per unit volume, 1/m; 1/ft

a film -cooling hole inclination angle, deg |

@y, & coefficients defined by eqs. (C30) and (C31)

B film -cooling hole compound angle; or parameter defined by eq. (C9)

v ratio of specific heats

n overall effectiveness, defined by eq. (B16)

2 dimensionless temperature parameter defined by eq. (B18)

A parameter defined by eq. (C8)

m kinematic viscosity, kg/(m- sec); lbm/(ft- sec)

£ dimensionless distance parameter defined by eq. (C7)

0 density, kg/m%; lbm/it>

Q@ dimensionless temperature parameter defined by eq. (B17)

Q parameter defined by eq. (C44)

w rotational speed, 1/sec

Subscripts:

a based on impingement -jet arrival velocity

av average

b bulk

c coolant

ct coating

fc film cooling

g main-stream gas
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]

inner surface

if interface

imp impingement

loc local

m metal

n based on impingement hole centers.
nmg no main-stream gas

0 outer surface

w wall

0 base

1 station at supply plenum

2 station at impingement orifice

3 station at impingement plenum .

4 station at film -cooling hole inlet

5 station at film -cooling hole exit

6 station at shell outer surface in main-stream gas flow
© free stream; or supply
Superscript:

total
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APPENDIX B

EQUATIONS

Flow Equations

Impingement flow. - The coolant flow rate through the impingement holes (treated as
orifice flow) is given by ‘

Wimp = (CD)impPZVZAimp (B1)
where
-1 ,
1 p'l (v-1)/y .

Py =\ — (B2)
RT) \Py - |
2yRe, T} /0y (r-1)/ .
Vy =g —— [1.0-[F (B3)

'}’ - 1. 0 pl

Film cooling flow, - The coolant flow rate through the film -cooling holes -(treated as
pipe flow with friction) is given by

Wic = p5V58%c (B4)
where
p
RT5
_ 2ngcT'5 p5 (7‘1)/')’
V5 = 0 - — (B6)
y-1 Pg
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(B7)

Mach number change across a film-cooling hole. - Consider a constant film -cooling
hole area. When the hole exit Mach number and the total temperature and pressure, as
well as the change in total temperature and pressure across the hole are known, the hole
entrance Mach number can be obtained as follows: If the inlet station is designated by

subscript 4 and the outlet station by subscript 5, the continuity equation gives
PaV4hy = p5V5Ag

Equation (B8) can be expressed as

-

] ] 1 1
pgMyA, Y74RTy _ PsMsAg yv5RTy

(vg+1)/2(r4-1) (v5+1)/2(v5-1)

‘ Y . y
RT, (1 + 4 M:‘; RT (1 + 5 Mg

Solving for M4 gives

(vg+1)/2(v4-1)

/—— : Y41 9
A
p5M5A5 'y5RT5 RT4 1+ 5 M4
4 =

i (vg+1)/2(rg-1)
5

t L4 1 2 [] - - Y
RT; (1+ > M pyA, ‘/74RT4

This equation is solved iteratively by Newton's method.

M

Heat -ijansfer Equations

(B8)

(B9)

(B10)

Back-side impingement. - The heat-transfer coefficient on the shell inner surface is

calculated from the Gardon-Cobonpue impingement correlation (ref, 8)

0.286 k(Re)g' 625

hav

X
n

(B11)
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Convection in film-cooling holes. - The heat-transfer coefficient in the film-cooling
holes is calculated from the Davey correlation (ref. 7), from which the local Nusselt
number varies along the length of the hole as

0.18

0.2/T,
(Nu), = 0.036(Re)"- 8(pr)0-4(% b (B12)
loc D T

w
From the definition of Nusselt number, the average heat-transfer coefficient over the
entire length of the hole ! is obtained by integrating

;

/ Byoc 9% T \0-18 oo

hy, =~ =0.045 £ ®e)0-Bpr)0-4( 2 (9) (B13)
) D T, )

The averé,ge heat-transfer coefficient in the portion of the hole between stations Zl and
ly is evaluated from

/ by, dx 0. 045<5>(Re)o. 8(pp)0-4( b p0-2 [(12)0'8 p 1)0.8]
y D T
hov = - =

(B14)

Shell outer -surface temperature. - Heat flux through a wall can be expressed as

Q=hg(Ty =Ty )= GCpTy o= Tp o) = Gy Ty o= T o) (B15)

The overall effectiveness- n is defined by

’n = 0 (B16)

After we introduce the parameters

o=_8 W0 (B17
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and

T -T
p-_8_"¢c,0 (B18)
Ty - Ty o
equation (B17) can be reduced to
G C 17
= cDp B19)
hg + GcCp'q
By assuming constant properties and using superposition (ref. 9),
h(6,%) = h,(0,%) - e[hg(o,x) - hgu,x)] (B20)
or
he(6,%) = he(0,%) - 6 Ahy (B21)

where hg(O,x) and hg(l,x) are the heat-transfer coefficients for the coolant temperature
equal to the gas temperature and the shell outer -surface temperature, respectively.
These heat-transfer coefficients are obtained from a suitable boundary-layer computer
program and are based on an initially assumed shell outer -surface temperature.

The dimensionless temperature groupings can be combined to give

6=1-n(1-¢) (B22)
@

Combining equations (B19), (B21), and (B22) then gives

nGcCp + (1 - 77)Ahg

= (B23)
hg(o,x) -1 Ahg + nGcCp
This equation can be solved for Tw o to give
’
S (g - Tg, o) [1G,Cp + (1 - m)ah, | B24)
w, g -
hg(O,x) n Ahg + 17GcCp
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Full-coverage film cooling, - Consider the cross section of a coated, full-coverage-

film -cooled wall as shown in sketch (a).

Coating /\\ » \\“ 7NN \\\ » \\\\\\ \\ SHS: i g
sl —{g) ,,/////// /M,///////// . ,,//////// & ot

@ .

The coolant temperatures are designated by T o0 at the supply, T c,i at the film-
cooling hole inlet, T c,if at the interface between the metal and the coatmg, and T, c,0
at the film -cooling hole outlet, The metal temperatures are designated by T at the
shell inner surface, T ;. at the interface between the wall and the coating, and
Tw o at the shell outer ‘surface. The main-stream gas temperature T _ is that temper-
ature in terms of which the main -stream gas heat-transfer coefficients are evaluated,
Reference 3 develops an analytical model to predict the coolant temperature rise and
the metal temperature distribution through a porous wall. The results hold for fixed
values of shell outer -surface temperature T .07 coolant temperature Tc oy and im-
pingement and film -cooling hole heat -transfer Ccoefficients. For a single metal layer
the coefficients resulting from the specified boundary conditions can be solved for ex-

plicitly. The solution takes the form

a4 3
6,(8) =C, +Cye Py C3ea‘2 (B25)
2 2
ay alg ay a.z.g
9c(5)=c1+02-1'76 +C, 1-—;e (B26)
where
' Ty - Te,w
0y () = ————— (B217)
w,0 ¢,
and
Te - T w
Gc(ﬁ) = —_— (B28)
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are the nondimensionalized temperature distributions in the wall and coolant, respec-
tively. All symbols are defined in appendix C where the analytical model for a two-layer
wall is also developed. The equations for each layer take the same form, but the six re-
sulting constants cannot be solved for explicitly and must be evaluated numerically. The
solution is

a & 3
151 2251
0y 1(E)) =Cq +Cge | +Cye (B29)
2 2
ay\ a4é 3
6, 1) =Cy+Cy[1-2)e Plic, -2 )20 (B30)
; A A
. (4784
O 3(6g) =Cq +Cge ' 2+ Cge 272 (B31)
of\ et AR
6. o(ts)=C, +C- |1 - —]e +Ca 1 - = e (B32)
c,2(2) =Cq +C5 N 6 N
2 2

The subscripts 1 and 2 on Oy and fe refer to the metal and coating, respectively. The
constants Cl’ Cz, and C3 for the two-layer wall are different from the corresponding
constants for the one-layer wall.

The overall effectiveness 7 is given by

2 2
a a
n =6, 1(1)=C2 1-—1e1+C3 l—a—a e32 (B33)
’ A A
and
0‘% ! ag )
n:9c2(1)=C4+Cs 1-—J}e +C6 1 --=|e (B34)
’ X p
2 2
for an uncoated and a coated shell, respectively. For an uncoated shell, T cir T c.0’
. ’ ’
and Tw,o are given by
4 i 35)
Tc,i=(TW,0-Tc,°°) CZ 1‘-;— +C3 I‘T +TC,°° (B
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Te o= My 0" Te o +Te o (B36)

*

Tw,i =(Cq + C3)(TW,0 - Tc,oo) + Tc’oo (B37)

For a shell with a thermal -barrier coating, Tc,i’ Tc,if’ Tc,o’ Tw,i’ and Tw,if are

evaluated from
A, (.3
Tc,i=(TW,O_TC,°°) Cz 1";— +C3 1‘71 +Tc’00 (B38)
)31 )2
Tc,if:(TW,O_TC,w) Cz 1-7\-]-. e +C3 _—A-; e 'l-Tc’oo (B39)
Te,0= 10w 0 " Te w + T o (B40)
11 )

TW,.if = (TW,0 - Tc’oo)<Cze + C3e >+ Tc’oo (B42)
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APPENDIX C

DERIVATION OF EQUATIONS FOR METAL TEMPERATURE DISTRIBUTION AND

COOLANT TEMPERATURE RISE IN A TWO-LAYER POROUS WALL

Reference 3 develops the equations for metal temperature distribution and coolant
temperature rise through a single-layer porous wall with a fixed shell outer -surface tem -
perature. The results are

a ¢ 3
64(t) = C, +Cye 1 +c3eaz C1
and
2 2
a a,t 3
6.(8) =Cy +Cy (1 - %)e 1 +Cq <1 - %>ea2 (C2)
where
T -T
by =_w_ 6% (C3)
Tw,o 'Tc,oo
T -T
6, =_¢ 6% (C4)
rI‘W,o 'Tc,'>o
a1=—-1-<3+ Bz+47\) (C5)
2
a2=—l(B— 32+4A.) (CG)
2
£=% (o))
L
2
H L
A= 2 (C8)
k
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The boundary conditions are shown to be
(1) = 1
Ng,(0) = 65,(0)
00(0) = £ 63,0

and the constants of integration are

where

=
e

N=1_
k

Now consider a two-layer porous wall as shown in sketch (b)

TW 0

- ——
////////////////// T
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Let the shell outer -surface temperature be Tw o and let the subscripts 1 and 2 desig-
nate the inner and outer layer, respectively. U’sing the equations

£y =— (C18)

by = — (C19)

Ny = 2t = (C20)

)\2 = 28 4 (C21)

H_ L
By = m,1°1 (C22)
G.Cp

H L
- _m,272 (C23)

By
G.C,

results in the following wall temperature and coolant temperature expressions for each
layer:

a¢ 3 '
By, 1(6p) =Cq +Coe 11 \»csez12 1 (C24)
S 2\ 2\
a’ a.t £
Gc,l(gl) =C1 +C2 <1 - Ti)e 1 1+C3 <1 - %>ea2 1 (C25)
and
sk (283
O g(6g) =Cq +Cge 1 2+ Cge 272 (C26)
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o arz h a2\ o 3

7‘2

where

By + /B2 + (C28)

oy
o)
oo

o %( £ + 4 ) (C31)

|
Nl)—l

i
NIH

(C30)

Q
Il
N|)—c

The six constants are evaluated from the boundary conditions as follows: As in ref-
erence 3, an energy balance at boundary 1 leads to

Ny6g 100) = 65 4(0) (C32)

~and
By
O, 1(0) = = by, 1(0) (C33)
1

At the interface between the two layers (boundary 2) there must be continuity in metal and
coolant temperatures, as well as continuity in heat flux. This is expressed by

O, 1) = 65 5(0) (C34)
gc’ 1(1) = 60,2(0) (035)
and
K K
L—ll by, 1 (D =L_22 g, 2(0) (C36)
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Finally, at boundary 3, the specified wall temperature gives
ew,z(l) =1 (C37)

Substituting equations (C24) to (C27) into equations (C32) to (C37) then gives

2 2
aT a,fB B
c,+C,y(1-21-L11),c 1-2-a2_1.=o (C39)
172 Y 8 ) X
1 1 1 1
2 )
2%\ a AR o o
C,+Coll-—}Je " +Col1-=Je“=C,+C{1-—=]+C|1--=] (C41)
1 2 N 3 N 4 5 N 6 N
1 1 2 2
| ay
a
C4 + Cse 1 + Cﬁea2 =1 (C43)
where
k,.L
Q=_12 (C44)
koLy

From equation (C39) it can be shown that C1 = 0, Other than that, no further simplifi-
cation is possible and the remaining constants (C2 to CG) are best solved by a matrix
solution from
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0 -ay
o
1 e 1
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APPENDIX D

PROGRAM STRUCTURE AND FUNCTION

The computer program FCFC consists of the main program MAINP and the sub-
routines TMETO, MNEW, AIRPRP, PRBMTX, SPLINE, and XMTXSL. The calling
relations between MAINP and the subroutines are shown in figure 10. The functions of
MAINP and each of the subroutines are described in this appendix.

Main Program MAINP

The main program MAINP is the control program that directs the flow of the solution
- from input to output and calculates and balances the coolant flow., Program MAINP reads
the input, makes the necessary conversions to working units, establishes the initial
plenum pressure or pressure profile (for centrifugal calculations), balances the coolant
outflow and inflow by an iterative procedure, prints the output, and returns the variables
to the inpuf units. Flow and heat transfer are solved simultaneously, with all heat-
transfer results being obtained from the TMETO subroutine, ’

Subroutine TMETO

Subroutine TMETO performs all heat -transfer calculations including back-side im -
pingement, convection in the film-cooling holes, and full -coverage film cooling. It cal-
culates the heat picked up by the coolant at all flow stations and the inner and outer tem -
peratures of the metal and the thermal -barrier coating.

Subroutine MNEW

Subroutine MNEW establishes the Mach number at the inlet of a constant-area film-
cooling hole, for a given total temperature and pressure at the hole exit, and for a given
change in total temperature and pressure across the hole (eq. (B10)).

Subroutine AIRPRP

Subroutine AIRPRP calculates the physical properties of the coolant at any specified
temperature. The properties are evaluated from input tables 1 to 4 by calling subroutine
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SPLINE, Subroutine AIRPRP performs any necessary unit conversions (from SI into
U.S. customary units) and calculates values of different combinations of gamma: y - 1,
(v -1)/y, v+1, (v + 1)/2, y/(y - 1), and (y - 1)/2. The Prandtl number is evaluated
from its definition Pr = Cpu/k.

Subroutine PRBMTX
Subroutine PRBMTX evaluates the function second derivatives at the specified x-
locations for all input tables. The slopes at the end points are evaluated from the first
two and last two data points. The calculation of the second derivatives was separated
from the spline-fitting procedure of subroutine SPLINE, since the second derivatives
have to be calculated only once but the spline-fitting procedure is performed many times.
Subroutine SPLINE
Subroutine SPLINE generates an interpolated (spline fitted) value of y at'any x for
a curve described by a finite number of points (ref. 10),

Subroutine XMTXSL

Subroutine XMTXSL is a general matrix-solution technique based on the Gauss-
Jordan elimination method (ref. 11),
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APPENDIX E

PROGRAM VARIABLES DICTIONARY

The variables used in the main program and in the subroutines are described here.
Subscripted variables pertaining to the impingement and film -cooling rows are shown
with the indexes I and J, respectively. Variables that are input arguments in a sub-
routine are defined in the listing of the calling program.

A5(J)
AIMP ()
ALPHA(J)
ANEW

ANGRI1,...

ANGR10
AO5
AOLD

AOUT (J)
BETA(J)
CDI(I)
CDD
CDFC(J)
CDIFC
CDOD
CFFLOW
CFMCH
CFP45
CFP5T

Main Program MAINP

shell outer -surface area associated with the film -cooling row
impingement -row hole area

film -cooling -row inclination angle

hole area at entrance of film -cooling hole (dummy variable for constant -

area hole)

rotation angle for coordinate system of input tables 1 to 10

. input argument for AOUT(J) in subroutine TMETO

hole area at exit of film-cooling hole (dummy variable for constant-area
hole)

film -cooling -row hole area

film -cooling -row compound angle

impingement -hole discharge coefficient

output argument for curve 5 in SPLINE subroutine

film -cooling flow reduction due to main-stream blowing

temporary storage for CDI(I)

output a.t;gument for CDFC(J) in subroutine SPLINE

relative tolerance for total inflow and outflow

relative tolerance for Mach number iteration between stations 4 and 5
relative tolerance for P45

relative tolerance for P5T
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CFT2
CFT5
CFT5T
CFTWO
CP
DAU
DAU2
DFC(J)
DI(I)
FCBLR
FCHD
FCHSP
FLOFC
G

GAM
GCVG
GDGM1
GM1
GM1D2
GM1DG
GP1
GP1D2
GTST
HO

H1
HFC4(J)
HFC45(J)
HFCTR
HGO(J)

38

relative tolerance for T2

relative tolerance for T5

relative tolerance for T5T

relative tolerance for shell outer -surface temperature
specific heat at constant pressure

input argument for TAU(J) in subroutine TMETO

input argument for TAUC(J) in subroutine TMETO
film -cooling -row hole diameter

impingement -row hole diameter

film -cooling blowing rate (input argument in subroutine TMETO)

input argument for DFC(J) in subroutine TMETO
input argument for HSP5(J) in subroutine TMETO
relative change between total coolant inflow and outflow
specific -heat ratio, ¥

v evaluated at next-to-last value of TN

relative change between GTST and GAM

v/(y - 1) |

y-1

(v - 1)/2

(v - D/

Y+ 1

(y + 1)/2

v evaluated at last value of TN

input argument for HGO(J) in subroutine TMETO

input argument for HG1(J) in subroutine TMETO
modification factor Vfor impingement h

modification factor for film-cooling hole convective h

input argument for HFC4(J) in subroutine TMETO

main -stream gas h for coolant temperature equal to main-stream

gas temperature



HG1(J)

HHFCTR
HSP
HSP1(T)
HSP5(J)
ICTR
THLD

1J

IOA
TUNTS
JCV(J)
JCVT
JHLD
JRVFL
JRVFLT
K

KCLC
KCNVG(J)
KKLM(J)
MSBL
MTC

NC
NFCHPR(J)
NFCR
NIHPR(I)
NIR

NPCH,...,
NPC10

NREAD

main-stream gas h for coolant temperature equal to shell outer -surface

temperature
input argument for HFC45(J) in subroutine TMETO
ratio of film-cooling hole spacing to diameter
impingement hole spacing
film -cooling hole spacing
indicator for centrifugal calculations
indicator for supply row with lowest specified R1
counter for overall flow iterations
counter for chamber calculations
indicator for SI or U.S. customary units
convergence indicator
chamber convergence indicator
indicator for film-cooling row with lowest specified R4
film -cooling reverse-flow indicator for individual rows
film -cooling reverse-flow indicator for entire chamber
counter for overall film-cooling flow iterations .
indicator for coating or no coating
counter for individual film-cooling flow iterations
counter for individual film -cooling-row heat-transfer calculations
indicator for main-stream gaé blowing
indicator for metal temperature calculations
input table number
number of film -cooling holes per row
number of film -cooling rows
number of impingement holes per row

number of impingement rows

number of points specified for input tables 1 to 10

integer number of input read file
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NWRITE
OMG
P1T(D)
P1THLD
P1TMIN
P2(I)
P2T(T)

P3T
P3TFK
P3TFCR(J)

P3TIR(I)

P3TMNN
P3TMNR
P3ITMXX
P4(J)
P4T(J)
P45
P45CNV
P45HLD
P45N
P45T
P5(J)
PS5HOLD
PSMAX
P5T(J)
P5TCVI(J)
P5TNEW
P5TOLD
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integer number of output write file

rotative speed

total pressure at station 1

temporary storage location for P1T
minimum specified supply pressure

static pressure at station 2

total pressure at station 2

total pressure at station 3 (vane calculations)
temporary storage for P3T

total pressure in impingement plenum at each film -cooling row
(blade calculations)

total pressure in impingement plenum at each impingement row
(blade calculations)

lowest allowable pressure in impingement plenum
total pressure in impingement plenum at minimum specified radius
highest allowable pressure in impingement plenum
static pressure at station 4

total pressure at station 4

average static pressure in film-cooling hole

relative change in P45

next-to-last iterated value of P45

last iterated value of P45

average total pressure in film-cooling hole

static pressure at station 5

temporary storage for P5

highest specified back pressure for vane calculations
total pressure at station 5

relative change in P5T

last iterated value of P5T

next -to-last iterated value of P5T



P6(J)
PFCR
PHOLD
PN45(J)
PRN
PTN
PTO
R1(I)
R4(J)
REJ2(I)
REJ5(J)
REYN45
RGAS
R1HLD
R4HLD
RHO2(T)
RHO4(J)
RHO45
RHO5(J)
RMN
R1MN
R4MN
ROV2C(J)
ROVG(J)
ROV2G(J)
ROV2R
ROVRAT (J)
ROV2RT (J)
RTCOR
RTCR(J)

static pressure at station 6

temporary storage location for P3TFCR(J)
temporary storage location for P3TMXX or P3TMNN
static pressure at midpoint of film -cooling hole
Prandtl number

input argument for P4T(J) in subroutine MNEW
input argument for P5T(J) in subroutine MNEW
radial distance at station 1

radial distance at station 4

Reynolds number at station 2

Reynolds number at station 5

Reynolds number at midpoint of film -cooling hole
gas constant

temporary storage location for R1(I)

temporary storage location for R4(J)

density at station 2

density at station 4

density at midpoint of film-cooling hole

density at station 5

lowest specified R1(I) or R4(J)

lowest specified R1(I)

lowest specified R4(J)

pVZ. of coolant at station 5

pV of main-stream gas

pV2 of main-stream gas

input argument for ROV2RT(J) in subroutine SPLINE
(pV)o/(pV)g

(0V2),/(0V2),

output argument for RTCR(J) in subroutine SPLINE
correction factor for CDFC(J)
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T2(I)
T4(J)
T45
T5(J)
TAU(J)
TAUC(J)
TAUI(I)
TC
TC2(1)
T2CNVG
T5CNVG
D

T2D
TS5D
TERM
TG
T2HLD
TSHLD
TITLE
TMI(J)
TMO(J)
TMSG(J)
TN

TO

TT
T2T (I)
T4T ()
T5T(J)
T3TAV
T4TAV
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static temperature at station 2

static temperature at station 4

average static temperature between stations 4 and 5
static temperature at station 5

shell metal thickness

shell coating thickness

impingement insert thickness

e

input argument for TT in subroutine TMETO
coolant interface temperature (boundary 2)
relative change for T2(I)

relative change for T5(J)

temporary storage for T4(J) or T4T(J)

input argument for T2(I) in subroutine AIRPRP
input argument for T5(J) in subroutine AIRPRP
{1 0- [Pz(l)]/p?:r(l)}(y /7 or {1 0- [P5(1)]/P5T(1)}(7 -D/y
input argument for TMSG(J) in subroutine TMETO
temporary storage location for T2(I)
temporary storage for T5(J)

title of calculations

inner -wall temperature

outer -wall temperature

main-stream gas temperature

output argument for T4(J) in subroutine MNEW
input argument for T4(J) in subroutine MNEW
coolant total supply temperature

total temperature at station 2

total temperature at station 4

total temperature at station 5

average coolant total temper:;tture at station 3

average coolant total temperature at station 4



TTN
TTO
T5TFTR
T5TOLD(J)
TW2(J)
V2(I)
V4(J)
V45
V5(J)
WFCR
WIMP (I)
WIMPT
WOUT (J)
WOUTT
XBETA
XCDI
XDI
XETA(J)
XHD(J)
XHH(J)
XHSP1
XILOD
XIMP(I)

XLC
XLFC(J)
XLFCC(J)
XLFCPC(J)

input argument for T4T(J) in subroutine MNEW
input argument for T5T(J) in subroutine MNEW
relative change in T5T(J)

next -to-last iterated value of T5T(J)

wall interface temperature

velocity at station 2

velocity at station 4

average velocity in film -cooling row

velocity at station 5

input argument for WOUT (J) in subroutine TMETO
coolant inflow

total coolant inflow

coolant outflow

total coolant outflow

input argument for BETA(J) in subroutine SPLINE
average impingement discharge coefficient
average impingement hole diameter

overall effectiveness

impingement heat -transfer coefficient

heat -transfer coefficient in film -cooling holes
average impingement hole spacing

ratio of impingement distance to impingement hole diameter
impingement distance

coolant thermal conductivity

film-cooling total -pressure loss coefficient

output argument for curve 6 in SPLINE subroutine
input argument for XLFCC(J) in subroutine TMETO
length of film -cooling hole (metal only)

length of film -cooling hole (coating only)

length of film-cooling hole (metal plus coating)
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XLM
XLODFC (J)
XLODI(I)
XLODXX (J)
XM2 (I)
XM4(J)
XM5(J)
XMD

XMK1(24),...

XMK10(24)
XMNEW
XMOLD
XMU
XRHO2
XT4TAV
XV2

XX1,...,
XX10

XXAKCT (J)
XX AKM(J)
XXIMP
XXKT(J)

YY1,...,
YY10

ZFC

Al

AKCT
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input argument for XLFC(J) in subroutine TMETO

film -cooling hole length-diameter ratio (metal only)
impingement hole length-diameter ratio

film -cooling hole length-diameter ratio (metal plus coating)
Mach number at station 2

Mach number at station 4

Mach number at station 5

temporary storage location for XM2(I) or XM5(J)

calculated values of curve slopes Mk for tables 1to 10

output argument for subroutine MNEW

input argument for XM5(J) in subroutine MNEW
coolant viscosity

average density at station 2

average total temperature at station 4

average velocity at station 2

x -coordinates for input tables 1 to 10

coating thermal conductivity
metal thermal conductivity
average impingement distance

total -pressure loss coefficient

y-coordinates for input tables 1 to 10

input argument for XLODFC(J) in subroutine TMETO

Subroutine TMETO

parameter defined by eq. (C5)
parameter defined by eq. (C6)

coating thermal conductivity



AL1
AL2

AREAR
BETA
BETA2
c2,...,C6
CMAT (24, 25)
CN(@24)
COEF

DA

DA2

DELHG
DEN

ETA
FACVA

HC

HD

HH

HH2

HM
HM2
KLM
REH
RENA
ROOT

ROOT?2

metal thermal conductivity

parameter defined by eq. (C30)

parameter defined by eq. (C31)

area reduction ratio

parameter defined by eq. (C22)

parameter defined by eq. (C23)

constants obtained by solving eq. (C45)

general problem matrix to be solved by subroutine XMTSOL
solution vector obtained from subroutine XMTSOL
coefficient (temporary storage location)

parameter defined by eq. (C20)

parameter defined by eq. (C21)

HO - H1

denominator of eqs. (C15) and (C16)

overall effectiveness, defined by eqs. (B33) or (B34)

" arrival velocity factor

HD corrected for presence of film-cooling holes

coolant impingement -heat-transfer coefficient obtained from Gardon-
Cobonpue correlation (eq. (B11), ref. 8)

average convective-heat-transfer coefficient in film-cooling hole
(metal only, eq. (B13))

average convective-heat-transfer coefficient in film-cooling hole
(coating only, eq. (B14))

internal volumetric-heat-transfer coefficient (metal only)
internal volumetric-heat-transfer coefficient (coating only)
counter for number of wall temperature calculation iterations
Reynolds number in film -cooling hole

impingement Reynolds number based on ''arrival'' velocity

321+4k1

/22
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TCA average coolant temperature in film-cooling hole (metal only)
TCAO overall average coolant temperature
TCCAV average coolant temperature in film -cooling hole (coating only)

TCIF coolant temperature at interface plane
TCIN coolant temperature at inlet of film-cooling hole
TCO coolant temperature at outlet of film -cooling hole

TCTAV coating average temperature
TDIF temperature difference, TG - TC
TFILM film temperature, (TWI + TC)/2

TNEW last iterated value of TWO
TOLD next -to-last iterated value of TWO
TR temperature ratio

TWAV average wall temperature (metal only)

TWI wall inner temperature

TWIF wall interface temperature
TWO wall outer temperature
TWOCVG relative change in TWO

U parameter defined by eq. (C17)

XLTOT total length of film -cooling hole (metal and coating)

Subroutine MNEW

CNVCR relative tolerance for Mach number iteration

DNM denominator in expression for iterated Mach number
1 counter for Mach number convergence iteration
PATG (Py/py)(A5/Ay) YT, /TE

POWN (v + 1)/[2(y - 1)] evaluated at last value of y

POWO (v + 1)/[2(y - 1)] evaluated at next-to-last value of y

XMFCN 1.0+ [(y - 1)/2:|M2 evaluated at last value of M

XMFCO 1.0 + [(y - 1)/2]M? evaluated at next-to-last value of M
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XMHLD
XMN
XMNEW
XNUM

ANGROT
CAN
F(24)
FR(24)
L(24)
LR(24)
MAT(24, 25)
N

NP1

NP2
OPT
SAN
SOL(24)
XK (24)

XKR(24)
XPFST
YPFSTR
YPLST
YPLSTR

temporary storage location for XMN
Mach number
final iterated value of XMN

numerator in expression for iterated Mach number

Subroutine PRBMTX

coordinate system rotation angle

cos (ANGROT)

specified points that describe curve in unrotated coordinate system
generated points that describe curve in rotated coordinate system

lengths of intervals between inputted F(24) in unrotated coordinate system
lengths of intervals between generated FR(24) in rotated coordinate system
matrix of function second derivatives at specified XK locations

number of intervals generated by XK values of FR (NP1 - 1)

number of points that describe a curve'. N + 1

N +2

indicator for rotated coordinate system

sin (ANGROT)

solution vector of problem matrix MAT (24,25)

inputted x-values corresponding to inputted points F(24) in unrotated
coordinate system

generated x-values for a rotated coordinate system
slope of first interval in unrotated coordinate system
slope of first interval in rotated coordinate system
slope of last interval in unrotafed coordinate system

slope of last interval in rotated coordinate system
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Subroutine SPLINE

ANGINV inverse of coordinate system rotation angle (-ANGROT)
ANGROT coordinate system rotation angle
CAN cos (ANGROT) '
CANI cos (ANGINV)
CRIT relative accuracy of iterated y-value for rotated coordinate system
DELXR (XX - XXM)/10 .
FK value of specified function at first point to right of desired x-location
FKM1 value of specified function at first point to left of desired x-location
FR(24) specified y-values of table in rotated coordinate system
IND indicator for determining whether desired x-value is outside inputted
range of x
LK length of interval
MK value of function second derivative on right side of interval
MKM1 value of function second derivative on left side of interval
N number of intervals that describe a curve
NC input table number
NM1 N-1
OPT indicator for rotated or unrotated coordinate system
SAN sin (ANGROT)
SANI sin (ANGINV)
TERML, ..., terms whose sum iséqual to spline -fitted value of y
TERM4
X x-location in unrotated coordinate system
XKR(24) specified table x-locations in rotated coordinate system
XR x-location in rotated coordinate system
XX specified x-value on right side of interval
XXM specified x-value on left side of interval
Y spline -fitted value at specified x in unrotated coordinate system
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DET
DIV
FCT(24)
ISNGL

MAT (24, 49)
NC

NLST

NM

NN

NR

NSW
SOL(24)

Subroutine XMTXSL

matrix determinant

value of row pivot element

factor used to reduce elements in pivot column to zero

factor for indicating singular matrix

overall matrix obtained by adding problem matrix and identity matrix
number of columns

NC + NR

NR -1

NC +1

number of rows (order of matrix)

number of switches needed to make pivot element the largest element

solution vector

49



50

13

APPENDIKX F

PROGRAM LISTING

MAIN PROGRAM

DINENSION TITLEC(1G)

DIMENSION NIH?R!ZS).RI(ZS!.DI(ZS).YQUI(ZSI.HSPI(ZS).XIHP(ZS'.P!Y(?
S}

DIMENSION NFCHPRUSO),RUES50) 4DFC(SOI4ASESOY,TAUCSIY HSPSISIY HFCU(S
S0, HFCAStSOY,ALPHACSD ) ,BETALSD) yHEDES0) 4HEE(S0),THSELS5D),PL(50) 4RO
SVG(50Y,ROV26(S0Y,TAUCESD) 4 TW2(50),TC2¢50)

DIMENSION RIMP(2S5) ,XLODI(25),P3TIRC251,XM2425),V2825),F2025Y,127(2
$S 1,P2(251 4,P2Ft25),COT(25)4RHO2E251,REJS2E25),WIMP(25]

DYMENSION AOUT(SD) ,XLFC(SD), lLODFC(SDl.P}TFCR(SJ)'JCV(Sﬁl.KCNVG(SO
%) JXMSE50) 4¥5E50) 475(500,T5TE50,P5C50),PST(S0),TSTOLD(50),CO0FCISD)
® XXKT(S0) yRHOS (509 ,ROVRATESD) ,ROV2CI50) ,ROVZRT(5I1 ,REJSS5t5I),XLFCCS
¢50) JXLFCPCE50),XLODXX¢503,RICR(50}

DIMENSION T4(S50),TUTUISOY ,PECSDI4PUT(50F4VRIS0)RNGS(S0)TUI(50),TM
S0¢50) XETA(S0),XMa LS50 ,H0UTESDI,PS5TCVESD),RHOG(S5D)

DIMENSION XHDCSOD ¢ XHH ESDI o XXAKMES50) JKKLMESO! o XXAKCTESON

DIMENSION XXBE28 B oXX2(28) ¢XXZL2UD oXXUC2R ) XXS(2UD o XXEE2U) o XXT(2U),
EXXBE2U) 4 XXP(28) o, XX1DL20)

DIMENSION YY1€24),YY2(2U4),YY3(28),YY4(208),YYS(20),YYH(20),YYT(24),
*YYBL28),YY9(24),YYR0(24)

DIMENSION XMKI(2G) 4XMK2€2Q ) 4 XMKIC20) (XMKGE20) oXUKS(24) 4XHKE(24 ) XM
EHTO24) o XMKBI2UD o XMKIE2U) JXMKLIT(24)

COMMON NPC14NPC2 yNPC3yNPCH JANGRI,ANGR2,ANGRIJANGRY g XX 9XX2XX34XXY
T YYD YY2,YYIYYG  XMK] S XMK2 o XMK3 o XMKY NREAD,NWRITE

NAMELIST/DATT/Z/IUNTS,ICTR,MTC,MSBL 4KCLC,0MG,RGAS,
SNIR yNIHPR GR1 DI 4 TAUTIJHSPRGXIMP,PIT,TT,
SNFCR NFCHPR R4 4DFC oAS , TAU 4 TAUC 4HSPS JHFCU JHFCUS,ALPHA,BETA,HGO,HG],
*TMS6,P6,ROVG,ROV2G

NRE ADZS

NWRITE=ZS

READ(NREAD, SDlDl(TITLt(X).I 1416)
WRITECNMRITE 6010V (TITLE(TI!41=1,16)

ANGR1=-0.

READINREAD,S0201INPC]

IFC(NPCL LT. 33GOTO 130
READ(NREAD 450301 €XX1C1),I-1,NPCI)
READ(NREAD 4S03D)EYYI(I),IT1,NPCI)
WRITEI(NVRITE,6020)

DO 10 I-14,NPCI
WRITE(NURITE 460303 (XX1(I),¥YY1L1})
CALL PRBMTIXINPCY ¢XXF¥,YYL1,ANGRLI XYK1)

ANGR2ZD,
READ(NREAD,SD2DINPC2
IFENPC2 .LT. 3360T0 13C



20

30

LE:}

S50

60

70

R2

es

READ(NREAD,SOX0) (XX2¢T),I=1,NPC2}
READ(NREAD,5D303(YY2¢1),I=1,NPC2)

WRITECNURITE 60807
DO 20 I-1,NPC2

WRITEC(NWRITE 60500 €¢XX2(I),YY2(1})
CALL PRBMTIXENPC2,XX2,YY2,ANGR2,XMK2)

ANGR3=ZD.
READ (NREAD,5020)INPC3

IFENPC3 .LT., 3)6070 130
READ(NREAD,SD30)(XX3(1},IZ1,NPC3)
READ(NREAD 50303 (YY3CtI},I-2,NPC3)

WRITE(NMRITE,6060)
00 30 I=],NPC3

WRITECNWRITE ,6030) ¢XX3(I),YY3I(IN)
CALL PRBMTIXENPC3I,XX3,YY3I,ANGR3I,XHK3)

ANGR&4-0.
READ (NREAD,5020)NPCH

IFINPCY .LT. 3)6070 130
READ(NREAD,SD33)(XX8(I),I-},NPCO}
READ(NREAD,SO30)CYYSB(I),I-1I,NPCY)

WRITE(NWRITE,6070)
D0 a0 XI=],NPCH

MRITE(NMRITE ,6050DP (XXU4(ID,YYLIT)]}
CALEL PRBMTIXINPCH XXU,YYG ANGRE (XMKY}

ANGRS5:=0.
READ(NREAD,S0203NPCS

IFI(NPCS .LT. 3)6070 130
READ(NREAD,SO30) (XX5¢1),I=1,NPC5)
READ(NREAD,SD30)(YYSET1,I=1,NPCS)

WRITE(NWRITE 6080
DO 50 I-14,NPCS

HPIYE(NHRIYE,GDBq)(XIS(I).VVS(I)Y
CALL PRBMTIXENPCS 4XXS,YYS,ANGRS 4 XMKS}

ANGR6=D.
READ(NREAD,SO2DINPCSH

IF(NPCH LT 3JG070 130
READ(NREAD,5030r(XX6(X)oI-1,NPCE]
READINREAD,SD30)€YYH(TI),IZ1,NPCS)

WRITE(NWRITE,L6090)
D0 60 I-]1.NPCSH

WRITE(NWRITE (60302 IXX6(T),YYE(T})
CALL PRBMIX(NPCOH JXXOE,YYE,ANGRO 4XUK6)

ANGRT7-45.0

READ(NREAD,50203NPC7
IF(NPCT .EQ. O .AND.
IF(NPC? .EQ. D)GO TO

MSeL
80

IF(NPC7 .LT. 3)607T0 130
READI(NREAD,SO30) CXXTULI)IZ1,NPCT)
READ(NREAD«S030)(YYT7(1) .IZ2NPCT7}

MRITE(NWRITE,6100)
D0 70 I=14,NPCY

«EQ.

116070 130

WRITE(NWRITE (60300 (XX7(T)YY7(I))
MRITE(NWRITE,6110)ANGRY
CALL PROMTX(NPC74XXT7,YYT,ANGR7 4X4K7)

CONTINUE

ANGR8:0.

READI(NREAD,SO20INPCSE
IF{NPC8 EQ. 0 <AND.
IF(NPCB .EQ. D0}60 10
IFI(NPCB .LT. 3)50 TO

mSBL
es
130

«£Q.

1160 TO 130

READ(NREAD,SD30P(XXR(I) IZ1,NPCB)
RFAD(NREAD,SO30)CYYR(I),I=1,NPCR)

WRITE(NWRITE ,6115)
D0 82 I-1.NPC8

WRITE(NWRITE ,6030)(XXBLI},YYB(I})
CALL PROMTX(NPCRXXR,YYB,ANGRB,X4KB 1

CONTINUE



52

ANGR9=D.

READC(NREAD,5020INPCY
IFENPCY -EQ. 0 .AND. MTC

IFENPCY EQ. D)ED T0 130D

IFINPCY LT. 326070

130

«EQ. 115070 130

READENREAD S0303¢XX9CI),I=1,NPCH}
READCNREADSO3BICYYIITI} IT1,NPCY)

MRITECNWRITE,6120}
00 90 1=1,NPC9

90 WRITEC(NWRITVE,60303¢XX9CI),YYIIIN)
CALL PRBMTIXCNPCO ¢XX99YYILANERD 4 XUKO)

100

110

120

130

140

CONTINUE

ANGR1I0=0.

READCNREAD,5020)NPCED

IFENPCID .EQ. O LAND.

IF(NPCI0 .EC. D)G0 YO 120
IFENPCIO .LT. 3316070 130
READINREAD ,5030) (XXI0¢I),1I=1,NPC1D)
READINREAD,SO30)(YYRDC1),1I=T ,NPC1D)

WRITE(NMRITE,6130}
DC 110 IZ1,NPCID

NTIC .EQ.

1 .AND. KCLC

WRITECINNRITE,60303¢XXI0D(2),YYID(Y))
CALL PRBMTXINPCI10oXX104YYID,ANERID,XMK1IDO)

CONTINUE

60 TO 140
WRITEINWRITE,86140)
60 YO0 2000
CONTINUE

«EQ.

116070 130

C~=—~~THE PROGSRAM ITERATIONS ARE CARRISD OUT VO RELATIVE ACCURACIES SPECIFIED

C
C

(e XaXaNasEzRaNaNaNae)

C

BY EIGHY CONVERGENCE FACTORS (DENOTED
THESE FACTORS ARE DEFINED AS ABS(COLD

CFT2 - CONVERGENCE
CFTS - CONVERGENCE
CFTST - CONVERGENCE
CFPST - CONVERGENCE
CFP4S - CONVERGENCE
CFMCH -~ CONVERGENCE
CFFLOW- CONVERGENCE

(DEFINED AS
CFTWO - CONVERGENCE

CF12:-.0D1
CFTS=.001
CFIST=Z.JD1
CFPST=.001
CFP&s=-.001
CFMCH=,031
CFFLOWZ.D01
CFTW0-.301

C----=S€T DEFAULT VALUES

[+

145
150

TUNTSZO
ICTR=N

[ R {o=3+]

®<3{ =0
KeLe:zn
REAS=53.35
ICAZD

DO 14% 121,50
HFC4(T)=1.0
HFC4S5¢I) 1.0
CONTINUE
IOAZIOR + 1

READ(NREAD,DATT,LEND=

FACTYOR
FACTOR
FACTOR
FACTOR
FACYOR
FACTOR
FACTOR

2000

WRITE(NWRITE,5250110A
TFCIUNTS LEQ. 031GD T30 1&0

WRITE(NWRITE ,6160)
50 T0 172

FOR
FOR
FOR
FOR
FOR
FOR
FOR

STATEC TEMP,
STATIC TENP.
TOTAL TEMP.
TOTAL PRESS.

BY CFXXX)a
VALUE-NEW

AT
(31
AT

EXCEPT FOR CFFLOW,
VALUEDYZ¢NEW vALUED ).

STAYION 2
STATION S
STATION S

AT STATION S

STATIC PRESS. BETWEEN STATIONS & AND 5
MACH NUMBER BETWMEEN STATIONS 4 AND S
TOTAL INFLOW AND OUTFLOW
ABS(CINFLOW-DUTFLOWI/ISMALLER OF THE Tu¥D FLOWS))
FACTOR FOR METAL OUTER WALL TEMP.



C

160
170

180
190

200
210

220
230

2480
250

260
270

280
290

WRITE(NNRITE,5170)
CONTINUE

IFCIUNTS .EQ. 016070 180
WRITE(NWRITE,61B01RGAS
60 70 190
WRITEINWRITE,6190)IRGAS
CONTINUE

IFCICTR .E£Q0. OIOM5=0.0
IFLICTR .EQ. 1)G0 1O 200
60 10 210

WRITEU(RNRITE ,62000M6
CONTINUE

IF(MTC JEQ. 1 <AND. KCLC .EO0. 11}50 TO 220
GO Y0 230
WRITE(NWRITE,6210})
CONTINUE

IFC(HTIC .EQ. 0360 YO 240
60 Y0 250
WRITEANWRITE,6220}
CONTINUE

IF(NSBL .E0. D)GO TO 260D
60 Y0 270
WRITEINWRITE,6230}
CONTINUE

IFCIUNTS .EQ. 1160 0 280
WRITE(NWRITE,,62803NIR

60 T0 290

WRITEENWRITE (6250INIR
CONTINUE

C-----CONVERT INPUT UNITS (ENGLISH OR ST} TO WORKING ENBLISH UNITS

c

OMG-0MG$3.18159/3).

IFCTUNTS EO0. DXTTZTT » u60.
IFCIUNTS .EO0. 1)TTZTT29./S,
TFCIUNTS .EO0. OIRGAS-RGAS®32.178
IFEJUNTS EO. JIRGAS-RGAS®5.980

00 310 I=1,NIR
XLOPICII=TAUIC(IN/DIL(IY i
MRITE(NVRITE 4626021 NTHPRC(I) DICI Y, TAUI (I} ,XLODICT)I,HSPI €T} XTINP(]

) 4RILI)LPITI(I)

300

310

320
330

380

350

IFCICTR .EQ. DIRI(IIZ=O.
IFCIUNTS .EQO. 2160 TO 300
R1€JI=R1€1)/25.8
OICII=DItLI}/25.8
TAUTCTR-TFAUTCEII/25.4
HSPIUIICHSPY(TID/25.4
XIMPEII=XIMP(TID/25.8
PITCII=P1T(I)®1.050377
CONTINUE
PITCII=PIT(I)e1nG,
AIMPUIDZFLOAT(NIHPR(II)I#3 . J826%(DTCTI/2,.0)982/108,
DILIIZDICI}/22.
TAUICIIC-TAUTICINZ12.
XINPLIIC-XINPEIN/]12.
HSPIETIZHSPI(IN/12.
IFCICTR .EQ. 1IRICII-RICIM/I12.
CONTINUE

IFCIUNTS .E0Q0. 1260 TO 320
MRIVEANURITE 6270INFCR

60 70 33D
WRITE(NURITE,6280INFCR
CONTINUE

DO 370 I=3,NFCR

IFI(KCLC .EQ. DITAUCtII=OD.

IFEKCEE oEQe. 1 ~AND. TAUCER) LEQ. 0.0160 TO 3810
60 10 350

MRITE(NURITE,6290)

60 Y0 1000

CONTINUE -
XLFCEII-C¢TAUCIDI/SIN(ALPHAE1)/57.29578)

53



54

XLFCPCIIIS(TAUCII*TAUCIIII/SINIALPHALT)/ST7.29578)
XLFCCOIY-(TAUCKIIY/SINCALPHACTYI/S5T7,.295781)
XCODFCC(II=XLFCCI)/DFC(])
XLODXX{I)=XLFCPC(I)/DFCLI)
TF(MSBL .EO0. DIROVECIN=O.
IF(MSBL .EQ. DIROV2G6(IV=D. .
WRITE(NWRITE ;63000 NFCHPRETFLDFCI(I),YAUCT},TAUC(T) XLODXX (T} 4HSPS

2{TY JALPHACL) BETACTI)I,ROVGITI},ROV2GLIT)  ,RECT),PELT)
IF(ICTR LEQ2. OJR4CIIZD.
TFCIUNTS .EQ. .DIGD TO 360
RUCII=RU(TI)I/L5a8
DFCCII=DFCtII/25.%
ASCIITAS(IN/Z(2a54) %%2
TAUCI)CTAUCT)Z/25.%
TAUCCTII-TAUCLIN/25 .4
XLFC(T)SXLFC(IN/25.4
XLFCPCCII=XLFCPC(TI1 /25,48
XLFCCCIN=XLFCCEI)/2S.4

. HSPS(I)ICHSPS(I}/25.8
HGOC(I1¥=HE0(T1)%0.176228
HE1(IY-H31(I)¢D.176228
TMSGLTII-TMSG(LI89,./5,-860.
PHELY)IZPR(TI*1.450377
ROVG(I)=ROVGLI}/4.BB24276
ROV2G(IY=ROV2G(I}/1.4881639

363 CONTINUE

PELIIZPAIT)*1UG.,
PS(I}zPOLI)
AOUT(IDICFLOATINFCHPR(TIII®I Q416 (0FC(TI1/2.0)%%2/701084,
AS(TIZAS(I)/1U4,.
DFC(1)=DFCtI)/’12.

- TAULTIZTAUILY)Z12.
TAUC(TIZTAUCIT)I/12.
XLFC(T)=XLFC(XI)/12.
XLFCPC(TI)ZXLFCPC(I) /12,
XLFCCCIIZXLFCC(TI/12.
HEPS(T)-HSPStI3/Z12.
IFLICTR .EQ0. IIRGEIDIZRA(RV/)2.

370 CONTINUE

IF(ICTR .EQ. 1260 TO 820

¢
C-~--—(THE FOLLOWING CALCULATIONS ARE FOR NO CENTRIFUGAL EFFECTS!
C---~~FIND PITMIN AND PSMAX (MINIMUM SUPPLY PRESSURE AND MAXIMUY FILM COOLING
¢ BACK PRESSUREI-GET INITIAL GUESS FOR PLENUM TOTAL PRESSURE (P3T)
¢
DC 380 I=F,NIR
PITHLDZPLIT(I)
IF(T <EQ. IDPLTMINZPITHLD
IF(PITHLD .LTe PITMINIPITMINIPITHLD
380 CONTINUE
DO 390 I-1,NFCR
PEHOLD=PSCI)
IFCI .EQ. 1}PSMAX=PSHOLD
IF(PSHOLD 6T« PS5MAXIPSMAXSPSHOLD
390 CONTINUE
C
c CHECK THAT PITMIN IS GREATER THAN P5MAX
¢
IFCP1TNIN .LE. PSMAX)GO TO &D)
GO 10 410
400 MRITECNWRITE,63100
6C T0 1030
910 CONTINUE
P3TMXX=PITMIN
PITMNNZP5MAX
PIT=(PITHXX + PITANNI/2.
60 TO 500
420 CONTINUE
¢ )
C-~——=CTHE FOLLOWING CALCULATIONS ARE FOR CENYRIFUGAL EFFECTSE
C-—--—-FIND RINN AND ROMN tLOWEST RADIUS FOR SUPPLY NOLES AND FC HOLES) AS WELL



[a s RNl

(2]

s NaNeNaNeNaleNaNal

[aNaNalaNal

830

q40

8§53

460

*
&70

*
480

490

SO0

510

AS THEIR CORRESPONDING INDEXES (IHLD AND JHLOI,DESIGNATING THE LOWEST
RADIUS BY RMN. CALCULATE VHE HIGHEST AND LOWEST ALLOWABLE PRESSURES IW
THE PLENUMW AT RMN WMICH PRECLUDE REVERSE FLOW (P3THNXX AND P3ITHNN). GET AN
INITIAL PLENUM PRESSURE PROFILE (ASSUME T EQUALS TT),

DO 430 IZE,NIR

RIHLO=RICI}

1F(T +EQe 1PRIMNZRIHLD

IFC¢Y EQ. 1P'IHLDCI

IF(RIHLD LT« RIMNIRIMNZRIHLOD
IF(RIHLD <LTe RIMNIIHLOZI
CONTINUE

RMNZ=RINN

DO 880 J=1,NFCR

RGHLO=RNCJ)

IF(S «EQ. 1IRAMNZROHLD

IFtY <EQ. 11JHLD=Y

IFERGHLD oL T. RSMNIRGMNZRSHLD
IFCRUHLD L Te REMNIJHLOZY
CONTINUE

TFERGUN .LT. RMNIIMNZR4MN
P3ITHMXX=PETC(IHLD}

DO 450 I=1,NIR )
PHOLD=PITEI}#2.7193¢&(ONGSOME® (RUNSRMN-RICII*RICLI I/ (2.¢RGAS*TT}
IF(PHOLD «LTe P3THXX)PITHAX=PHOLD

CONTINUE

P ITMNNZP6 ( JHLD)

00 360 J=1,NFCR
PHOLD=PE(JI®2.T18384(OMGPOMGS (RMNSRMN-RY CJF*RU(JII)I/C2.5REASSTT))
IFEPHOLD o6Ta PITUNNIPITMNNZPHOLD .
CONTINUE

IF(P3THXX LY. PITMNNIGO FO 390

PITMNRZ(PITMXX+P3ITHNN] /2.

DO 470 T=1,NIR
P3TIRC(IIZPITMNR®2,71835%(OMGHOMGs(I(TISRI(T) -RUNSRMN]I /(2. ¢RGAS*TT
)

CONTINUE

DO 480 J=1,NFCR
PITFCRCJICPITMNR®2, 718350 COMER0USH(RU(JISRACII-RANSRMN)/ (2. %REASHT
T

CONTINUE

€0 T0 S30
MRITE(NWRITE 6310}
60 70 1000
CONTINUE

THE FEOW IS SOLVED AS FOLLOWS - A PRESSURE OR PRESSURE DISTRIBUTION

(P3T OR P3TIR(I) & P3TFCR¢J) FOR NO CENTRIFUGAL AND CENTRIFUGAL EFFECTS,
RESPECTIVELY) IS ASSUMED IN THME 2LENUM AND THE INFLOW AND OUTFLOW ARE
CALCULATED FOR THAT PRESSURE OR PRESSURE DISTRIBUTION. THE ASSUMED
PRESSURE OR PRESSURE DISTRIBUTION IS THEN ADJUSTED TO EQUALIZE THE

INFLOW AND OUTFLOW

TJ 1S THE COUNTER FOR THE OVERALL FLOW JYTERATIONS

1J=0
CONTINUE
TJ=1Je1

ASSUME ORIFICE TOVAL PRESSURE EQUALS SUPPLY TOTAL PRESSURT (PCTI(I}}
AND THE ORIFICE STATIC PRESSURE ZQUALS THE PLENUM TOTAL PIESSURE
tP3T OR P3TIRIIN)

DO S6N I=1,NIR

TFCICTR .EQe. DJIPITIR(INZPITY
P2TIIIZPITC(T)

T2T(12TY

95



56

520

530

DO 550 TIZ1,15

P2(I)=P3TIR(I} .

IF(I] «FQe 1)72(1320.9509T2T(1)
T20=T12(T}

CALL AIRPRP(T2D,JIUNTS,
#6,6M14,GM10646P14GP1D2,GDOGM16M1D2,XMU,PRN,XKALCP)

T2HLD=ZT2(1)
TERMZ€L.I=(P2t1)}/P2T{ 1)) #*6M1IDG?

IF(TERM LT. 0.0)ITERUZ-0.C
V2(1)-SORT(12.0¢G¢R6ASAT2T(T)/6ML)STERM)
XM2EII=V2EIV/SQRT(GSREGASOT2T(TI)IS(P2¢I)I/P2T(T))%85M106)
IF(XM2¢I) .6E. 147360 TO 520
T2CIIZT2T€1H/¢1.066GMID2¢XM2(T)eXM2(1))
60 T0 530 )
XHM2tI)-1.0

T2(II-T27¢I1/7t2.025M1D2)
V2(I)=SQRT(GSREAS*T2(I])
P2(T)=P2TC1)/GP1D2+¢606M1

CONTINUE

XMDTXM2¢(I}

NC=S

CALL SPLINEUNC,NPCS54XX5,¥Y5,XND4ANGRS 4XMKS5,CDD)

CDI(IN=COD

RHOZ2(TI-P2¢T)/CRGAS*T2(I))
T2CNVG-ABS(TZHLD-V2¢I))/T2(1}
IFLT2CNVE .LE. CFT2)50 YO 560

IFCIT «FQ. 15160 TO 540

60 TO 550

WRITE(NWRITE 632031

-CONTINUE ’
REJ2(II-RHO2(TIIeV2(TII*DICTISCOTCTIS/XMYU

[ GEY AVERAGE VALUES FOR IMPINGEMENT 4 CALCULATIONS

XXIMP=0.0
XDI=0.0
XHSP1=D0.0
XRH02=0.0
XCDI-0.0
XV2=0.0

00 S70 IZ1,NIR

XXIMP= XXIMP & XIMP(I)/FLOAT(NIR)
XDI= XDI « DICII/FLOAT(NIR}
XHSPITXHSPL + HSPICII/ZFLOATINIR)
XRHO2= XRHO2 ¢ RHO2(I)/FLOAT(NIR)
XCDI=XCDI ¢ COICID/FLOATINIR)
XV2= XV2 * V2tEY/FLOATI(NIR)

Coomm CALCULATE INFLOW (LBM/HRI}

WIMPTI-D.0

DO S80 I=1,NIR

CODIFC-COICIY
MINP(IIZCDIFCoAIMP (T2 *RHO2(I)¢V2(T}¢32.17883600.
WIMPTIZWINPT ¢ WIMPII)

CONTINUE

DO 760 XZ1,15

DO 5SSO0 I-1,NFCR

CALCULATE VELOCITY OUT THE FILM COOLING HOLE. ITERATE FOR PST.

X IS THE COUNTER FOR THE OVERALL FILM COOLING FLOW ITERATIONS



JCeviIrzo
XM5¢11=0.
590 CONTINUE

00 670 I=1,NFCR

KFCICTR .EQe OIP3TFCR(IIZP3IT

IF(JSCVEI) .EQ. 1360 10 670

IF(K oED. 3PTSTHINCTT«(INSEI])*060.-TT1%0.50
IF(MIC .EQ. ODTSTEINCTT

TSTOLD(IN=TST(I)

Do 650 II=1,15
IFET] JEQa 1DVS€INC0.958157( 1)
TSO=TS(I)

CALL AIRPRP(TSD,IUNTS,
*6,6M1,64106,6P1,6°102,6GD0641,6MID2,XMU,PRN,XKA,CP)

TSHLD=TS(I)
TF(PST(I)} oLE. PSCINIPST(I}I=PS(X)el.001
00 620 XX=1,1S

---- KCNVG IS THE COUNTER FOR THE INDIVIOUAL FILM COOLINS 04 FLOW ITERATIONS

KCNVE (1) ZKK
PS¢IIZPE(I)
IF(KK o«E0e 1IPST(T)IZP3ITFCRII)
PSTOLOZPST(T)
TERMZ(1.0-(PS(1}/25ST(T)1#864106)
IFCTERM .LT. 0.0)TERM=0.0
VECT)=SORT((2.0¢G¢R6AS*TST(I)/GMLISTERM]
XM5(171zVS5C1)1/SORTIGSRGAS*TIST(II®(PS(II/PST(I))e45419G)
IF(XHSEI) .6E. 1.9) GO TO 600
TSCTITTISTCIN/ (1 .096MID23XMS(TIoXI5(T)]
GO T0 61D

600 XM5(13-1.0
TSCTIZTSTCL) /(1 .0¢6M1D2)
VS(1)1-SOT(GSRGAS¢TS(T))
PE{T)I=PST(I1/GPID2+*50GM]

610 CCONTINUE

YMDzxuS(I)
NCz§6

CALL SPLINEC(NC NPLO,XX6YYbsXMDgANGREJXMKELXKTD)

XKTzZXKTD
PSTEIIZ(PITFCR(I) + PS(I}SXKT)I/(1a0 & XKT}
PSTNEW=PST(T)
PETCV(TIZASS(PSINEW-PSTOLD)/PSTNIW
IF(PSTCV(I) J.LE. CFP5T160 10 630

620 CONTINUE
WRITE(NWRITF,6330)1

630 CONTINUE
PHOSETICPSUIN/ZLRS58S8TSLI))
TORCNVGZA3SETSHLO~TSHLII)I/ZTSET)
IFCTSCNVS LLE. CFTS5)50 TO 660
IFCIT .5Q. 15160 Y0 649
60 T0 659

640 WPITE(NJRITE , 634001

653 CONTINUE

663 CONTINUET
XXKT(I)IXKT
ROV2CETI)I=RHOS(IDIsVS(L)evS(]]
IF(MsSAL .£2. 0)R0V26(11=1.0
ROV2RT(IIZRNOVCEII#32,17u%3600.23602./R0V25(1)
IFEMSPL .EQ. DIROV2RT{IIZI.0O
ROV2RZIIV2RTLI)
XPETAZICTALT)
IFemsaL (EQ. 9150 10 665

NCZ7



CALL SPLINEENC NPUT,XXT4YYT,ROV2I,ANGR7 ,XMK7,CD0D)
NC=®
CALL SPLINEUNC,NPZB ,XX84YYB,XBETR,ANGRA, XMKR,RTCO)
665 CONTINUE
IF(MSBL .EQ. 02CD0OD-1.0
IF(MSBL .EQe ORRTCORZ1WD
RTCRUIYZRTCOR
COFCtINI-CDOD#RTICOR
IF¢(MSBL .EQ. DIROVG(II=1.D
ROVRAT(T)-RHOS(T)IevS(I)*32.17u#350D./R0VGII)
TFI(MSRL .EQ. DIROVRAT(IIZD.0
REJSUTI-RHOSIII#VStI)sOFCCI)sCDFL(T)2XMY
670 CONTINUE

----- CALCULATE TOTAL AND STATIC PRESSIIC AND TEMPERATYIE AT THT ENTRANCE
OF THE FILM COOLING HOLE.

D0 730 T-ILNFCR

IF(JCV(I) .EQ. 13G0 TO 732

IF(K oEJ¢ 1DTHTUIDICTT 4CTUSG(T)I+45T3.-TT)20.20
IFEMIC EQ. D)THTCI)ICZTY

Do 710 111,15

IFETIY .90. 1IP4T(T)ZPST(]I)®1.025
IFCtII JEQe 1IPGUCINIZPS(I)*]1.022
IFCITI 50 NIVHLT)ZVS(TI12D,.98
TF(TT Z2. MITHETIZTIS(I)*D.99
PUST-(PUT(INI+PET(T1)/2.T

PUST P4 LTI I+P5(I))/72.3

vVasT (Ve (I)+vS5(INN/2,0

TUS- (T4 (3 1+75¢11272.3

PUSHLNZPYS

CALL AJRPRP(T45,IUNTS,
%6 46GM145MIDS5,GP14GP1N2,GD3MI ¢5M1I2,XMU,PRN,XXA,(P)

RHOUSZPUS/IRGASSTYS)
RFYNUGZIIHNOY4SaVYSEIFC(T)I*COFCET)/XMY

TIFIREYNUS oLTe 2530.)FRFC-16I/7REYNUS

IF(REYNYS oGEe 2500.)FRFCZ]144225E-54«RCYNYSe],375135
IFC(REYNUS +GEe 4DIDLIFRFC=0.3953/REYNUSE®20.2647
DELPTITFRFC#XLFCPCIII*RHOYUSBVUSs a2/ 1IFCHTI2,0)
PaT(IIZPSY(T) +» DCULPY

PTOZPST(I)

PTINZPAQT(I}

AOLD=1.2

ANEWZ1,.3

T0=TStI)

TIO=ZTST(I)

TINZTYTCL)

XMOLOTXMS(])

CALL MNEJICFMCH G PTO P TN GAOLD ¢ BANEWd G T, TTO,TTN, r42LD,TUNTS,
EXMNEW,TN)

JFOXMNEJ oLT. 1.3160 7O 697
TEOXMMEW 5F, 1o3FXMNEWTL.0
TO=T4T(I)

CALL BAIQPRP(TND,IUNTS,
*CAM GVl 5M106,GPI4GP)IDZ ¢6O5M]1 4534102 XMU,PRR,XUALP)

NG 687 Jz1,13
TRZT4TCI} /(1.0 *+ 5M127)

CALL AIRPRP(TN,TUNTS,
$GTST 5M1,6M106,6P1,52102,60541 431302, XMU,FRN,xK48,7F

GCVG=ABS(GTST-GAM)/5TST
IFIGCVS +LE. N.ONTIBTC TO 69D
GAMTITSY

€20 CONTINYT

507 CONTINUE



Xvy (I izevuNE W
LB R RS R
TRZT4(l)

CALL ALIPRP(TD,IUNTS,
86 4G%1 4334106 46P1,62102,G064146M102,XMU,PAINGXKA,LCD]

PUCIIZPYTI1)/01.00541020X¥a([)exXqu(T))seGNGU]
VU(T)TST((2.0068RGASSTUT(T)I/GM411#(1.0—(PUCII/PUT(I))I#4G41DG))
QHOG(T)z2a(T)/(R3A5%TU(T))
PYSNZ(P5 () +PS(13)/2.0
PUSCNVZA3S(P4SHLD-PUSN) /04SN
IF(P4SCNY .LE. CF345)G60 TO 729
TF(II .23, 151530 ¥0 700
60 10 713

700 WRITE(NYRITE,&350011

7313 CONTINYE

723 CONTINUE
RN4S (T)ZREYNGS
IF(¥TC .9, 0150 10 710
TC=TT-u8),

FCHSPZHSPS (1)
FCHOZNFC(T)
HSP=FCHSP/FCHD
ZFCZXLODFCUT
HOTHGO(])

H1ZHG1(1)
X1LODTXXIMP/XD]
HFCTRIHF LU (T)
HHFCTRIAFCUSIT)
DAU=TAU(T)
DAU2ZTAYCHEI)
XLHIXLFZ (1)
XLCZXLFCC(ID
A0D5ZA0UT(T)

IF(K «E2. 1IWOUTCT)I-WIMPT/Z(FLOATENFCRD
dFCRINOUT (Y
FCBLR™(JOUT(II/ZASLID)
TEZT“$G (1)

CALL TMETO¢IJ.TC, FCHSP 4FCHD yHO,H1 4 XTLOD o XRHO2 ¢ XV2 4 XLM4XLC
$ARSP 1 HFCTR,HHFCTR 4 XC01 4DAUZFCodFCR4AO5 sFCBLRG TG 4HSP, TUNTS,
SETAQTCO TCIN, TWT o THO KL M AKM HD 4 HHCFTWO 4KCLC,AKCT 'DlUZ TVIF,TCIF,
*NPC9 NP’]D ANGRO, ANGRIG.XX? XXIJe¥YYO,YYLO0XMKO,XUYK10}

T4TCIIZTCIN + 463,

TETLIIZTCO +» 460,

TMICINZTNI

TYOLIIZTWO

XETAETIZETA

XHD tT1ZHD

XHHOTYTHH

XXAKMET ) ZAKM

XXAKCTLT)IZAKCT

KKLMETIYoXLY

TUW2LIIZTHIF

TC2¢INTCIF

730 CONTINYE

C
C—==-- CALCULATE OUTFLOW (L3M/ZHR)
C
WOuUTTZ),
DO 740 I=ZI,NFCR
NOUTI(T) = CDFC(!)OAOUY‘I)#RHOS(I)‘USII)03?.173‘3633.
WOUTT=-WOUTT + WOUTII)
Tu0 CCNTINUE
C
C--=-~=~CHECK THAT T5T7 HAS CONVERSED
C

JC¥Tz0D

D0 750 I-1,NFCR

59



60

C
C
C

753

760

R0

800

810

820

830

840

€50

860

TSTFTIRZASSITST(TII-TSTOLOCIY)I/ZTST(I)
IF(TISTFTR oLEe CFTSTRUCVIINZ]
JEVTIZJCVT + JCViD)

IF(JCVT .EQ. NFCRIGO TO 770
CONTINUE

WRITEUINWRITE,636U)IJ

CONTINUC

-COMPARE JEIGHT FLOWS AND ADJUST P3T 10 BALANCE THEM

IFINOUTT oGTe WIMPTIFLOFCZ{WOUTT~WIUPT)I /WINPT
IFCUIMPT o5Ta WOUTTIFLOFCZ(WIMPT-WOUTT)/ZWOUTT
IF(FLOFC «LE. CFFLOWIGO TO 863

IFLIJ .56« 25160 TO 850

IFCICTR «EQ. 1)GO TD 790

-(THESS CALCULATIONS ARE FOR NO CENTRIFUGAL EFFECTS)

TFCWOUTT o6Te WIMPTIPITMXXZP3T
IFIWIMPT .57, WOUTTIP3ITMNNZP3T
PITT(PITMXX + PITUNNL}/2.

60 70 513

CONTINUE

-(THES® CALCULATIONS ARE FOR CENTRIFUGAL EFFECTS}

IF(WOUTT 6T WIMPTIP3ITMXXZP3ITMNR
IFCWIMPT oGT. WOUTTIPITKNNZP3ITMNR
PITMNRZ(P3ITMXY + P3TMNN}/2.
T4TAVZ).

DO 800 JU-1,NFCR
TUTAVITUTAY + TuTtd)
CONTINUE
TATAV-TRTAV/FLOATINFCR)
XTGTAV-TUTAV-460.,.
TITAVSEITUTAY + TTY/2.
IF(MTC +EQ. 0)T3TAVCTT

~ESTABLISH PIT AT THE IMPINGEMENT AND FILM COOLING ROW RADII AND CHECX
THAT THE NEW PRESSURE DISTRIBUTION DOES NOT CAUSE INFLOW

DO 810 I=1,NIR
PITIR(IVI=P3ITMNR*2,718300¢OMGH0MG#(RI(TIS®RICTI-RUNSRMN)/{2.,5RGAS*T?
3TAV)Y)

CONTINUE

00 837 KNZ=1,10

JRVFLTZ)

P3ITFK=D.

DO 820 J=I,NFCR

JRVFLZD
PITFCREJIZPITUNR®2 . T1R3os(OMGEOMSE L4 (I #RA (I -RUNSRMNI /(2. ¢R6AS T
$374AVY)

IFCP3TFCROUY LT. PSCUIIJRVFLZY

JRVFLYZJRVFLT*JRVFL

IFCJRVFL <EQe 1IPITHLD=PITMNR® (1.9 (PS(J)-PITFCR(JIDI/PS(J})
IFCJURVFL oEQe 1 oAND. P3THLD oGTe P3ITFKIPITFHZPITHLD
CONTINUE

IFCSJRVFLT .EQ. D150 TO B840

IF(JRVFLY .6T. OFP3THNRZPITFK

IFEP3ITMNR GTa PITMXXIPITUNRSPITHXX

CONTINUE ’

WRITE(NWRITE,6310)

60 TO0 1000 —

CONTINUE

60 Y0 S1D

WRITEC(NWRITE, 6370}

60 TO 1300

CONTINUE

== DATA OUTPUF ————- DATA OUTPUT -—-——- DATA OUYPUT <—-——- DATA OUTPUY



870

890

s00

910

920

930

9403

950

WRITECNURITE 6380014

IFCIUNTS EQ. 2060 YO 870
VRITEC(NURITE,6390PWINPT
WRIVEC(NURIYE 640070

60 70 880
WINPTWINPT*0.35359
WRITE(NWRITE ,6310PWINPY
WRIVE(NVRITE ,6420)
CONTINUE

00 910 I:z1,NIR
IFCIUNTS .EQ. 0)G0 TO 890
PIT(II=PIT(I1e4.THRI3E-3
P2Y(I)=P2Y(1)#3.73803E-3
P2(T)=P2(T)%4.78833E~3
T2T(IIZ12T(T 085 .79,
T201)=12¢1195./9.
WIMP(I)=WTIMP(T}4D.45359
GO Y0 990
CONTINUE
PITEII=PITLII/ 104,
P2TCI}=P2T(I)/188.
P2(I1=P2eT) /188,
T2TCII=T2T¢T)-060.
T2(1)=T12€11-468.
CONRTINUE
MRIVE(NWRITE 68300 1,PITCI), P2(T) XM281) ,T2T(1),T2¢T},WIND(T),COI{
*1)
CONTINUE
IFETUNTS .EQ. 1160 TO 920
MRITE(NURITE 64803 N0UTT
VRITE(NURTTE ,6450)
60 TO 930
WOUTT-WOUTT#0.45359
VRITENWRITE,6860)MOUTT
WRITE(NURITE ,6470)
CONTINYE

DO 960 IZ1,NFCR

IF(MIC .EQ. OITC2C(IICTT~-460.
IFCIUNTS .EQ. 03GO TO 940
PatT(II=PyTLI)*4,78803E-3
PREI)=PG(Y)*8.78603E~-3
TATCIIZTUT(T)*5./9%.
T4CII-TutEINeS /9.
PSTUII=PST(TI)e4,78803€E~-3
PSCII=PStII*4,T7B8I3E-3
P6(TII=POCIJ*q,.7B8D3E-3
TETUIIZTST(IDeS./9,
TE(II=TS(I)e5./9.
TC2CII=(TC2¢I1 » 460.1%5./9.
TFI(KCLC EQ. DXTC2(TI)-0.
PFCR=-P3ITFCREIV®4,.78803E-3
WOUT(T)-WOUT(I)®3.45359

60 Y0 950

CONTINUE

PUTCII=PUT(I)/I08.,
PalI)-POLI}/180.
TATCII=TUT(Ir-4b0.
Ta(II-TR(TI) 06D,
PST(1)=P5T(I)/1044.
PSUTI=PStTI}/I40G.
PECINIZPH(TI)/104.
TSTUII-TSTEIY-460.
TSCIN=TSC(L)-0463.

IFEKCLC .EQ. D)TC2(1)20.
PFCR-P3TFCR(IN/144,

CONTVINUE

WRITEI(NWRITE 6490V ,PFCR,PGEIN,XUGET I oTHTLIY,TULII,PSTIT),O5(]),
OlHS(]l.TST(!).!S(ID.ICZ(II.HOUT(I).!XKTCI).CDFC(II,QYCR(IP.ROVQAY(
1), Q0V2RT (I KCNVGC(I)

61



62

963

970

980

385

990
.
L4
995
1000

1010

1020

1030

CONTINUE

IF{MIC .EQ. 0¥GO YO 1NCO
WRITE(NWRITE,68951}
IFCTUNTS JEQ. 1)GO TO 970
WRITE(NWRITE ,6490)

60 Y0 980

CONTINUE
WRITE(NWRITE,6500)
CONTINUE

DO 995 I=1,NFCR

IF(IUNTS .EQ. 1160 TO 985S
ASETIICASEIII kO,

GO T0 999

CONTINUE
HGOCIITHG0(T)%#5.674406

HEY tI)=HBLILIT)*5.674n5
XHHOII-XHHEY)#5.674046

XHD (I)-XHD(T)}*#5.67446
ASCI)I-AS(1)%929.0306
TMSG(I)=(TMSEtI)*260.)25./9.,
TMOLIDI-CTMO(T) * 360.)%5./9.
TW2CII=CTW2CI) ¢ 460a.135./79,
TFEKCLEC oEQ. D0)TW2¢I)=D.
THICIIZCTHIC(I) + 960.)%5./9.
XXAKMET)ZXXAKMETII50.017296
XXAKCTL{ID)-XXAKCTtT)*#0.0272296
WRITE(NWRITE 465J0) 1 4H60(TIHGI (T ¢XHH (L) JXHD(TD4HFCASCI) 4HFCR(L],
ASCI) oTUMSE(T) o TMOCT o TU2ET I gTMICT) o XXAKMIT) o XXAKCTCT) JXETA(T ) QHKLM
(B¢

CONTINUE

CONTINUE

RETURN VARIABLES TO ORIGINAL TNPUT UNITS

OrG=OMG¢30./3.10159

IFCIUNTS .EQ. DIETZTT-RE0.
IFCTUNTS oE0a 23TTCTT$5./9.
IFCTUNTS .EO0. DVRGASIRBAS/32.174
IFLIUNTS .EQ. 1IRS5ASTIRGAS/S5,980

D0 1020 I=1,NIR .
IFCTUNTS .EQ. 1)G0 TO 101D
DTtI)=DI(I)*22.
TAUI(TI)I-TAUI(I)e12,
HSPICTIIZ-HSPI(TI)®12.,
XIMPLTI)ZXIMP(TI)®12,
RICII=RI(T2#12.

G0 T0 1020

CONTINUE
RICIDI=RI(II*304.8
DItI)=DIC1)*304,.8
TAUTICIP=TAUI(I}*3D04.8
HSPI(T)I=HSPI(I)*3348.8
XIMP(I)=XIMPEtI)*308.8
CONTINUE

DC 1080 I=1,NFCR

IFCIUNYS .EC. 1)GO YO0 1030
DFC¢I)=DFCC1}m12,
HSPS(II-HSPS(I}®)2,
TAUCIICZTAVEI)S]2.
TAUCEII=TAUC(I)*22,
ROCII=RO(TI*12,

IFINTC .EQ. DPASCEIICASETII®1IRG,
60 T0 10640

CONTINUE

ROCIIZRE(I)I®308.8
DFCEII-DFC(I}#*30a8.8
TAUCTIIZTAUCTI#304.8
TAUCKTIZTAUC(II¢300,.8
HSPSEI)=HSPS(I)¢30G .8



ROVG(IDI-ROVELIDI®8.BB2L2T6

ROV2G(II-ROV26€I)*]l.4881639

IF{MTIC .EQ. DIASETIDIZASEI)9929,0308
1080 CONTINUE

----- FORMAT STATEMENTS

5010 FORMAT(16A5)

5020 FORMAT(I2]}

S030 FORMAT(8FI10.01

6010 FORMAT(1HIL//,16A5,/7)

6020 FORMAT(/ IX 45 THmm oo e e em et r e c e m e e e
- o/ 9SX JUIHINPUT POINTS FOR COOLANT GAMMA VERSUS T ART,/,12X,1
SHX,9X,LHY 4/

6030 FORMATLSX ,2F10.4)

5000 FORMATE/ p1X g5 7H=——mm= e e e e e e c e e~
L o/ ¢ SN LU THINPUT POINTS FOR COOLANT VISCOSITY VERSUS T ARE,/,!
2N, THY,9X o 1HY 4/ }

5050 FORMATESX JFIDeU92X,E12,.4)

6060 FORMAT(/ 41X 5 TH-————m e m e et o e e e m— e e s e e oo o
e —m 0/ sS5XGSIHINPUTY POINTS FOR ZOOLANT SPECIFIC HEAT VERSUS T ARE
$4/912X 1HX 39X gl HY /)

6070 FORMAT(/ 41X 45TH--mmmm e e e e e e e e e m e e o — o —— e
Bm—m o= /45X 4S5BHINPUT POINTS FOR COOLANT THERMAL CONDUCTIVITY VERSU
S T ARE /412X s3HXe9Xg1HY,/)

60RT FORMAT(/ ¢l X o5 TH === mm e mm e m e e e e e e e e e e e
- s/ +5SX,89HINPUT POINTS FOR IMP, DISCHa COEFF. VERSUS M2 ARE,/
$ 12Xy IHX gOX G 1HY o /)

6090 FORMAT{/ g BX gBTH mmm —mm e e e e e e e e e e e e o
L e +/+5X 6 THINPUT POINTS FOR FILM COOLING TOV. PRESS. LOSS COEF
#F . VEQSUS MS ARE o/ 412X THX 39X 1HY /)

6100 FORMATI/ 4 I X5 TH = — == m e e e e e e e e e e
B - o/ +SX,UFHINOUT POINTS FOR FILM COOLING RPYT VERSUS ROV2®P ARE,/
T I2X y1HX OX G 1HY o /)

#1123 FORMAT(/,5X16HROTATION ANGLE Z¢4F10.342X,THDEGREZS 4/}

6115 FORMAT(/ 41X g5 TH = mm = e e e e e o e e e —— oo
oo + /35X ¢3RHINPUT POINTS FOR QTCOR VERSUS BETA ARE /412X ,1HX 49X
2 ,1HY /)

6120 FORMAT(/ 31X g5 TH=mmmmm e mm s e e o e e e e e c e e o
o s/ s SXJUBHINOUT POTNTS FOR METAL CONDUCTIVITY VERSUS T ARE,/,
12X s IHX 9N, 1HY o /) .

H12D FORMATI/ I X 45 H === o mmc e c e e et e e e ce e e me e s oo
L s/ 95X SOHINCUT POINTS FOR COATING CONDUCTIVITY VERSUS T APE,
B/ 12X g 1HA 9N G1HY 7 )

614D FORMATI/,SX,88HCASE AROOTED - & FQUIRED CURVE #85 NDY INPUT OR w2
&S SPECIFIED BY LESS THAN 3 POINTS,/)

6150 FORMAT(IH1,I0X4284w——ncomwom- QUTPUT FOR CHAMBER,I5,10H~-o-mmeeum v /)

6160 FORMAT(/,5X,18HSI SYSTEM OF UNITS}Y

6179 FCRMAT(/,5X,23HENSLISH SYSTEM OF UNITS)

6190 FORMAY(/ 45X 421HCOILANT GAS CONSTANTZ 21X oF10.3,2X,8HJ/IKG-X))

6193 FORMATI/ 45X 421HCODLANT GAS CONSTANTZ G IXFIDo3,2X,k64(FT-LBF)/(LRM-
*R1)

«273 FORMAT(/,5X,63HTHIS CASE INCLUDES CENTRIFUSAL EFFECTS. R0VATICNAL
SSPEED EQUALSF1D.2,2X ,4HPPM,])

6217 FORMAT(/,SX,4B8HTHES CTASE INCLUDTS A THERMAL BARILER COATING)

6223 FORMATY(/,5X,7BHTHIS CASE TS FLOW ANALYSIS OVWLY AND INCLUDTS NO MET
#AL TEMPERATURE CALCULATIONS)

6232 FORMAT(/ (S5X 36HTHTIS CASE HAS NO 94IN STREAM BLOWING)

£24) FORMAT(//7, 1¥y1542%425HR04S OF IMPINGEMENT HOLES,//, SXy3HROW,2X,
S$SHHOLES 32X 13HDTIAMETER (IN) 84X pUHWALL 48X g3HL /Dy 9X JUHHOLE 45X, 3 1HIMP
SINGEMENT o BX g 2HRY ¢ 9X ¢ 3HPI T o/ ¢ 33X g PHTHICKNESS L 16X THSPACING 44X ,8HDIS
STANCE o6X  UHEIND (66X 464 (PSTIA) /7))

6250 FCRMAT(///, 1X,15,2X,25HROMS OF IUPTINGEMENT HOLSS4//y 5X43HROW,2X,
SSHHOLES , 22X, 13HDTAMETER (MM) ,4X 44 4dALL 48X 33HL/D,9X 4 4HHOLE,,5X 3 1HIMP
SINGEMENT g 6X q2HRY ¢ 9X ¢3HPIT o/ o 33X g IHTHICKNESS (16X ¢ THUSPACING (4X (BHDIS
STANCE b X, UHIMY) ,SX ,OH(N/CHS32]) 4/ 7)

6263 FOARVATL SX oT3 0 X ol 3 0lX FToll o6 oFTad oS FTla3,5X, 70345 X4F7.3,5X,F7.
*3,5X,FB.3)

273 FORMAT(///, 1Xe15.2Y,26HR0WS OF “ILM COOLING HOLZIS,//, 1X43HROW,2Y
% SHHOLES 92X o 13HDIAMETER (IND o 7X o IHTHICKNESS 37X 3HL /Do OX o 4HOLE 4S X,
*SHALPHA,

s SEXGU43ETA 7R 4 SHRHIVG o 7Y 6 HIUDV 26 49X o 2HAY 6 X246/ 433X 41 SHWALL -

63



64

$~~~COATING y2X o THETOTAL I 46X,
B THSPACING ¢3X ¢SHCDEG) ¢ SNy SHEDEG) 32Xy 1aH(LBM/FT*820HRTY ,IX 413 HELBN/FT
SHR*$2) 41X yOHEIND) o IN,6HIPSINY ,//)

6280 FORMAT(///, 1X4315,2X426HROMS OF FILM COOLING HOLES,//, 1Xy3HROW,2X
% ¢ SHHOLES ¢ 2X o I3HDIAMETER €MM) 3 TX oOHTHICKNESS g 7N, 3HL /D 4 OX 4MHOLE 45X
SSHALPHA,

% G SXGAHBETATXoSHRHOVG 97X oy 6HRHOV 26 99X g 2HRU 36X 9 2HP 6/ 430Xy 1SHNALL -
#-=—COATING,2X y7THETOTAL? 46X,

STHSPACING ¢ 3X, SHIDEGT ¢ SXySHIDEG) 42X 4 I2HIKG/MS$24HRY (2X ,124(K5/M%HRS
O82) JUXGAH(MMI L IX ,OHIN/CHS%2),77/)

6290 FORMAT(/,5X,62HCASE ABORTED - COATVING WAS SPECIFIED 3uT NOT COATIN
6 THICKNESS!

6300 FORMAT(E 1XoI308X gl 308X oF Tutl oSN oFTa3y3X o F 7393 yFTe345X,Fba3,4X4Fba
Y 3N g F0e3g2XsE12e54F12e548XeF7a342X FBL31

6310 FORMAT(//,5X,66HCASE ABORYED - THE SPECIFIED PRSSSURES WILL RESULT
& IN REVERSE FLOM477)

6320 FORMAT(/,SX,67THWARNING - T2 HAS NDT CONVERGED IN 15 ITERATIONS FOR
s IMPINGEMENT ROW,IS?S

6330 FORMAT(/43X,59HWARNING-PST HAS NOT CONVERGED IN 15 ITERATIONS FOR
BF aCe ROW,L,IS) !

6340 FORMAT(/,5X,6BHWARNING - TS5 HAS NOT CONVERGED IN 15 ITERATIONS FOR
® FILM COOLING ROW,IS)

6350 FORMAT(/,SX,21IHWARNING - THE AVERAGE PRESSURE BETWEEN STATIONS 4
#AND 5 HAS NOT CONVERGED IN IS ITERATIONS FOR FILM COOLING ROW LI5S}

6360 FORMAT(/Z,SX,73HNARNING - TST HAS NOT CONVERGED IN 15 ITERATIONS IN
SOVERALL FLOV ITERATION,IS)

6370 FORMAT(/,5X,7TOHIMPINGEMENT AND FILM COOLINS FLOWS HAVE NOVT CONVERG
*ED IN 25 ITERATIONS!

6380 FORMATU(//,5X,52HIMPINGEMENT AND FILM COOLING FLO4S HAVE CONVERGED
BIN,I5,2X,18HOVERALL ITERATIONS 2//77)

6390 FORMAT(IOX I3HINFLOW EQUALSF9.3,2X,6HLBM/HR,,//7)

6400 FORMAT(3X ,3HIMP 2X 46HPSPLYT 6X, 2HP2 45X g 2HM2 46X 34T2T,5X,
B2HT 2 JTX QU HWIMP (3X g SHCDIMP 4/ 43Xy IHROW 42X ¢ 6HIPSTAY , 21X,

s IHEF) 912X BHILBM/HR) /7

6410 FORMAT(IOX,I3HINFLOM EQUALSF3.3,2X,SHKG/HR4///1)

6870 FORMAT({3IX 3HIMP ,2X ,6HPSPLYT 6X, 2HP2 45X o CHM2 o6 X4 3HT2T,5X,
S2HT2 4 TX qUHKIMP , 3X 3 SHCDIMP 37 43X o 3HROW 41X, FHIN/CMBE2),19X,
® 3HIK} 413X g THC(KG/HR ) o/}

6430 FORMATI2X,13,2X,FT.3,3X, FlaFglXgFoad X yF5.0,2XeFS5a)e3%4F7
5 4342X4F5.3)

6443 FORMAT(/// 410X 14HOUTFLOW EQUALS,F9a3,2X 6HLBM/HR,//7)

6450 FORMAT(IX g2HFCoUXg3HP 3T o TX s 2HPU o 5X o ZHMY o IX4IHTUT Ju X 2HTU 33X 1H/ 43X
8, 3HPST yBX g2HPS 36X g 2HMS o 3X G 3HTET X, 2HTS 31X 41 H/, SHYICTIF 44X 8HWOU
BT IX g 2HKT p4X 3 2HRT 5%y 2HRT 4 X,

* BHRHDV 4 X g SHRHOVS Qo BX UHITRS, /7 21X, 3HRON,2 X,
BOH(PSIAY g 17X y3HIF) g TX g 1H/ g1 X o6H(PSTAY J1BXG3HEF) 47Xy IH/ 31X 3HEF) 43X
5 gBHILRM/HR) 13X J4HCORR ;3X,SHRATIO,3X,5HRATIO, /)

646D FORMAT(///,10X,14HOUTFLOW EOQUALS¢F9.3,2X ySHKG/HR,//7)

6470 FORMAT(EX g2HFColX o 3HP 3T o TX o 2HP Y o5X 4 2HMY ¢ 3X ¢3HTUT 44X, 2HT U 41X o1H7,3X
8y IHP ST bX ¢ 2HPS g 6X ¢ 2HMS ¢ 3X ¢ SHTST (U X 4 2HTS 41X TH/, SHICTIF 4X ,uHWOU
ST 93X PHKT gUX 3 2HRT 45X 2HRT U X,

* ’ AHIHDV QU X SHRHOVS QoI X UHTITRS /741X, 3HIOW 1 Xy
SOH(N/CMI#2) , 15X ¢3H(KD 47X, 2H/, IHIN/CMEE2) y 16X 3HIK), X IH/,1%,3
SHIK) 33Xy TH(KG/HR 1, 18X 44HCORR y3X ,SHRATIO 43X ,SHRATTI O,/

6480 FORMAT(IX 12,4 1XoFR o3, EXaF8,3,1X,F8.3,1X,F5.0,1X,F5,0, 147, Fe.
23 01X B3, 1% F5.341XsF5.0,1%,F5,.0, 1H/ F e 1XoFTa3,1X4F5.3,
$1X FSe3 gl X F6e301X3FTa3,1X,FTa3,3%,121)

&NQD FCRMATI/ /77 42X 42HFC 428 26 HHEAT-TRANSFER-COEFFICIENTS,2%,134H-M0D-FA
*CTORS oAX g 6HCOOLED 4 Xy ZHGAS yBX o 16dWALL-TEMPERATURE o 7X 41 7HAVS . ~THFRM
#.-CONDeySXy3HETA ,7X,3HITR,

e Fy1X G IHROW 42X g 3HHG D ¢ 3X g IHHG Y o2 X o THF C—HOLE o IX o4 HIMP5,5X, 7H
BFC—HOLE 42X g UHIMPGySXy4HAREA, SX UHTEMP L4 X, 7HOUTSIDE 42X THINTFACE,2
$X ,6HINSTOE 4 3X 4 SHMETAL 43X 4 THCOATING 4 3X4QHE(TCO-TC) /7,

* /913X 16H(BTU/FTo222HPRF ) 422X 4 THUIN®®2) J4X 430 F) 66X,
H3HOF) g5 X o3HIF ) ySXg3HIF) g TX 4 13HURTU/ZF TXHRAF) J4 X ,BH{TWO-TC) ,/)

6495 FORMAT(// 410X ,21HHEAT TRANSFER PESULTS)

6570 FORMAT(/// 42X y2HF T ¢2X ¢26HHEAT-TRANSFER-COEFFICICNTS,2X4134H-MDD~FA
*CTORS 44X y6HCOOLE D g Y 3 IHGAS 48X o 16 4dALL-TEMPERATUIE (TR 1 7HAV S ~THERM
8 .-CONNL,GX,IHETALTXLIHITR,

s 791X y3HROW 92X y3HHGO 33X ¢ 3HHG1 32X y THFC-HOLE 41X 44 HIMP3,5X, TH
BFC-HOLE 22X y8HIMPG,SX, AHAREA, SN 4HTEMD 4 X THOUTSIDE 2%, THINTFALE 2



C

2X46HINSIDE , ZX,SHMETAL , 3X, THCOBTING,3X,9H(TCO-TC)/,
L] J 913X 16HJZ (P80 2SECEK) ) 422X THICHSE2) 44X 43HIK) 46X,
S3HIK) ySX g THIK) 9 SXgSHIK) 46X 14HEJ/(CM3SECSK )Y ,4Xx,BH(TWO-TCY /)

6510 FORMAT(IX g12¢1XeF 5603 1XsFbalel?Xy 6eD9lXoFbeDe2XsFS5e393Xe7F5.3,43%,F7

o3 X F5aD X FBedy 3K gFSed e X o FSelolXoFbaTelX Fhe3yIXoFTaliebX,121
60 TO 153 ’

2302 stoP

END

SUSRPOUTINE THMET?

SUEROUTINE TMETOU(IJ,TC,FCHSPFCHD 4HO ,H1 4XTLOD s XRHO24XV24XLM4XLC
. XHSOL JHFCTR GHUFCTP o XCOT 4 DAULZFC,WFCRLADS,FUBLR,TGLHSP, IUNTY
S ETA T TOINGTAT o TWOGKLY gAKY JHI GHH G CFTWOL,MCLCoANCT DAY, TWIF,TCIT
oF
ONCCONPLLID L ANGRD GANGRID GXXD 4 XXT I ¥YP o YYIOSXMKILXMU1D)

DIMENSION CMAT(2442%),CN(24)

DIMENSION XMKIC24) ,XMK2{26)4X¥K3020) (XMKL(20) XMAD(24]),X410(24)
DIMENSION XX1(28),XX2( 240 ¢XX3€24) 4XXG{26) ,XX9(24) ,XX20D(28)
DIMENSION YYJ(20)4YY2(24D 4YY3C28) ,PYU(2U),YYO(2U),YY1DE24)

COMMON NPC1 4NPC2yNPCIJNPCULANGRIZANGR2,ANGRIJANGU X X1 4XX2,XX34XXE
EgYY T YY2,YY T VY0 oXMK] g XMA2 ,XMK I XMAG ,NREADGNWRITE

IPIF=TG~1C
TCINZTCeTDIFs.20
TWIZTCeTDIF*.25
TCIF-TC+TDIF*.30
TWIFZTC+TD1IF®.35
TCOZTCs¥IIF o .43
TVOSTC+TIIF» .45

DO 7C XLMZ1,15
TOLD=-TWO
TFILM-0.5#({TWI*1CI+0060.

CALL AIRPRPITFILM4IUNTS,
*G4,6GM1,6M10G,6P1,6°1N02,G0GM1,5M102,XMU,PRN,XKA,CP]}

C----~-AFRIVAL VELOCITY FACTOR

C

IFCXILOD oLTe 3.7B0)JFACVAC1.0
IF(XTLOD 6T, 3.7BD)FACVAT-.DI9193¢XILOD*XILOD + .05)895¢XILOD
s+ ,93715

FFUXILOD o6Ta 7.590)FACVATDLD02597+XTLOD*XILOD - 1037042exILO0D
*4 1.460519
IFUXILO0D oGTe 14.383FACVAZD.001290+XILODSXILOD -~ .D50825&¢xILOD

*+ 1.105854
RENAZFACVA*XRHO2*XV20e XHSPI/XMU
RENAZRENA®XCOI

~--GARDON AND COBONPUE IMPINGEMENT CORRELATION

HDZ (D2B35XKA/XHSPEISRENA®D . 625

HD=HD*HFCTIR

AREARZ].3~-3.10159/¢4,C*HSP#HSP)

HCZAREARSHD

TCAZD.5¢(TCO*TCIN)+450.

IF(KCLE .EQ. T)ITCAZD.S56(TCIFeTCINI®RG6N,

CALL AIRPRP(TCA,IUNTS,
*G ,GM] ,GMIDG 4GPl ,GPID2 yGDGMI 4GMID2 4 XMULPRNJXKALCP)

TRZC(THO+TWIY/2.0) 2060,
IFIKCLE EQ. IDIRCUCTWIFSTUIN/2.D0)48600.
TWAVZ=TR
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TFITUNTS EQ. 1)T4AVZTR25./9.
NCZ9

CALL SPLINEUINCSNPCO o XX94YYT,TWAV,ANGROXMKS,AKM)

TFOTUNTS LEQ. 1JAKMZ-AKMS57,.8176

TFIKCLL «EQJ. 1ITCTAVS(TWIF+TWO) /2. ¢ 46N,

TFOKCLC «E0. 1 oAND. IUNTS LEQJ. BITCTAVZTCTIBVES./9,

IFI(KCLC EQ. O)AKCT=D.

IF(KCLC +EQ. 03GO TO 10 .
NCZU

CALL ﬁ’LINE(NC.NPle.XXlO.YVlJ.YCTAV.ﬂNGPID-XMKlD.AKCT)

IFCIUNTS E0s 1JAXCTYZAKCT®57.8175
10 CONTINUE

UZHC*DAU/AKM

TRZ(TCA/TR)*%0.18

----- H IN THE FILM COOLING HOLE CALCYLATED FROM T.8, DAVEY CORRELATINN

COEF=(J,0U5*XKA#TI/FCHDI®(1.0/770)s%].2
RFHZ(WFCR#FCHND) /7 (80SeXMUS32.173923600.)
HHZCOEF*(REHE$D.B)# (PRNs%0,.4)
HM-HH#3,14159%FCHDSFCHOXZFC/(FCHSP*FCHSP20AU)
H¥ZHMAHHFLTR
DAZHMSDAUSDAU/AKY
TFOKCLC EQ. IIXLTYOTzXLMeXLC
IFLKCLC oEQe TD)TRI(((TCOATCIF)/2,4¢860)/7C(TWO+THIF)I/2.4460.))%%,]R
IFEKCLE «EQ. 1)GO TO 20
GO T0 30

20 TCCAVZ(TCIF+TCOV/2.

CALL AIRPRP{(TCCAV,IUNTS,
%G 4GM1,GMIDG,6P1,6P1D2 ,GOGM]I ,GMID24XMU,PRN,XKA,CP}

REHZ(WFCR*FCHD) /(805 XMU*32,173983600,)
30 CONTINUC
IFOKCLE oEQe IIHH2-D.DUSSXKAS(REHSSD.B) S (PRNS%]) 4 *TR&(FLHD*e0.2)9
$(XLTOT##0.8-XLMs%D.8)/(FCHD2(XLTOT~-XLM))
IFCKCLC oEQe¢ 1DHM2=HH2%3.14159%FCHOSXLC/ (FCHSP*FCHSP*DAUR)
IF(KCLC +EQ. J)HM2-HM2*HHFCTR
IF(KCLC +EQ. 1)DA2-HM2*DAU2¢DAU2/8KCT
TCAQCZN.S*®{TCO*TC)*46D.

CALL AIRPRPUTCAD,IUNTS,
4G 4GM1,6MIDG4GP1,GP1D2,GDGM]1 GMEIDZ ¢XMUPRNXKALCP)

BETAZDAUSHM/(FCBLR*CP)

TF(KCLC +FQ. 1)BETA2-DAU2&HM/(FC3LR*CP)
ROOT=(BETASRETA+4 ., 0%DAY*30,5

IF(XCLC .EQ. 1)IRODT2-(BETA2¢BETA244,0%DA2)%60.5
A1Z-0.5%(BETA+ROOT)

A2=-0.5%(BETA-ROOT)

IF(KCLC .EQ. 1)ALIZ-0.,S*(BETA?+R00T?)

IFCKCLC EQ. 1)AL2=-0.5¢¢BETA2-RI0T2)

IF(KCLC .EQ. 1)60 10 40

DENZ(U-A2)EXP(AL) —(U-AT)SEXP(A2)

C2=tU-A2)/DEN

C3Z(AI-U)/DEN

ETAZC2% (1 .0-A1%A1/DAYSEXP(A})SC3e¢Y 0-A2%A2/DB)CEXP(A2)
TIFCETA .GE. 1.DJETAZD.9999

DELHG=HD-H1
TWOSTG-C(TG-TCI*(ETA®FCBLR®LPO{Y.O-ETA)®DELHG) )/ (HD-ETA®DELHGETAS
sFCHBLR*CP)

TNEWZTWO

TCOZETASCTWO-TCITC
TCINZ(C2%(1.0-A1*A1/DABSCIS(1.D-A2%A2/DAY)IRETHO-TL)+TC
THIZCC2+C3I)8tTNO-TC)I*TC

GO T0 S92

40 CONTINUE
CMAT(1,E)=U-AL



CHMAT(R,2)=U~A2

CMAT¢1,3):-0.

CMAT(3,8)-0.

CMAT(1,5)=0.

CHMAT(),62=0.
CHAT(2,1)=(AKM/AKCT)IS (DAU2/0AUISALISEXP(AL)
CHAT(2,2)=¢CAKM/AKCTISC(DAU2/DAUISA2¢EXP(A2)
CHMAT(2,3)=0.

CMAT(2,8)=-AL2

CMAT(2,5)=~AL2

CMAT(2,6)=0.

CMATE3,1)-EXPCAL)
CMAT(3,2)-EXP(A2)

CMAT(3,3)=-1,

CMATEZ,8)=~1.

CHMAT(3,5)=-1.

CrATE3,5)=0.
CMAT(a,1)=C1.0-AT¢AT/DAYSEXP(AL)
CHAT(Q,21=(1.0-A2¢R2/DAVSEXP(A2)
CMAT(4,3)=~}.
CMAT(a,4)=-(1.0-ALI®AL1/0R2)
CHAT(q,5)=~t1.0-AL2#AL2/0R2)
CHAT(a,6)=0.

CHMAT(S,131:=0.

CHAT(S,2)=D.

CHMAT(S,3)=1.

CHAT(S, 41 EXP(AL])
CMATI(5,5)1EYP(AL2)

CMATLES,6) 1.

CALL ¥MTXSL(5,CMAT,CN)

C2=CN(})

C3I=CNe2Y

CU=CN¢3)

CS=CN(u)

C6=CN(S)

ETAZCQeCS#t1.0-AL *ALY/DA2)®EXO(ALY)+COS(1.0-AL2%AL2/DA2)SEXPIAL2)
IFCETA .GEe 140)ETACD.9999

DELHG=HI-H1

TWOSTG-C(TG-TCIS (S TASFCRBLR&CP+().0-CETA)*DFLHG))/{HO-ETASDELHG+ETA

*FCBLR2CP)

=g

6L
¢
8y

6LC

TNEWZ-TWO

TCOZETAS¢TWO-TCI*TC
TWIFZ(C24EXPLALYI*L3ISEXPIA2))I%ETWO-TL)+TC

TCIFS(C2¢ (1 0-AL*AL/DAISEXPIAT}*C3a(1.0-A24AR2/DA)SEXPIA2) )& (TWO-TC
5)+1C
TCINZ(C22(1.0-A)%81/DAI4C3I5C¢1.0-A2082/DA)IR(TWI-TCI+TIC
THIZ(C24C3)8(THO-TCITC

CONTINUE

TWOCVE-ABS(TNEW-TOLD) /TNEYW

TF(KLM LEQ. 1160 YO 70

IFCTunCcvs .LE. CFINWODIGO TDO RO

TFiIKLM L,E0. 15)60 TO 60

G0 TO 719

WRITE(NWRITE,6UC)IU

CONTINUE

CONTINUE

IFIKCLC +EC. C)TWIFZ3.

IF(KCLC .EQ. BITCIFZ=Q.

FORMAT(/,5X,93HWARNING - OUTER WwalL TEMPERATUSE WIS NOT CONVEIRGET
*IN 15 JTERATIONS IN OVERALL FLCW JTERATION,IS?

RETURN

END

SUBROUTINE MNEW

SUBROUTINE MNEW(CEMCH PTOPTINLACLD ,ANEW ¢ TO,TT0, TIN,¥UOLA, TUNTS,
SAMNEN,TV)

67



DIMENSION XXE(28)4XX2C28)4XX3128)4XXG(28]

DIMENSION YYIE208),YYZ(2080),VYY3(28),YYa€24)

DIMENSION XMK2(28D ;XMK2€28) ,XMK3IE20) ,XNXNE28])

COMMON NPC1 4NPCZ,NPC3 JNPCR,ANGR1,)ANGR2,ANGRI JANGRG XX oXX2oXX3 XX
YV JYY2 YUY I VYR QXMK]L g XMKZ 4 XUKI ,XMKQ 4 NREAD{NWRITE

CALL AIRPRPETO,IUNTS,
$6046MI,EM1064,6P1,6PID2,6D6MI 6MID2,XMU,PRNJXKALCP?

C

C--—--FOR THE FIRSY ITEQRATION EVALUATE BAMMA AT THE GIVEN TOTVAL TEMP.
[ AND LET THE FIRST GUESS AT XMNEW BE XxMOLD ’

C

CALL AIRPRPE(TTNLIUNTS,
*GNyGM1,6M106,6P1,5P102,60EMI ,6MID2,XMULPRNyXKA,CP)

XMNZXMOLD

DO 10 I-1,25
PAIG=(PTO/PINYSCADLD/ANEWI®SQRTITIN/TTIO)ISSORTE50/6N
XMFCNZ1e3 ¢ ((GN=1.01/2.0)%XNNeXNN

XMFCOZ1.0 + ((GO-1.0172.0)%XMOLDsXMOLD
POWNZEGN+1.0)/(2.0%(GN-1.01)1}
POWO=CG0+1.,N)/€2.0¢(60-1.021}
XNUMZXMN-PATG®*XMOLD®(XMFCN)SSPOUN/C(XMFCO)SSPOWO)
ONMZ1.0-PATGHIGN+T 0 #XMOLDSXUNSXMFCNSs ((-GN+3,3}1/7(2.0¢¢EN-1.011})7/
*$(2.08XMFCO**P0d0)

XMHLD=XMN

XMNZXMN-XNUM/DONM

TNZTIN/ (1 D4 C(6N=-2.0)/2.0) $XMNEXNN)

CALL EIRPRP(TN,IUNTS,
*GNyGMI,GMIDG 4GP T 46PFD2+GOGMY 46MI02,XMU4PRNyXKALCP)

CNVCRZABS ( XMHLD —X4N)}/ XMN
IF(CNVCR oLEe CFMCHIGO TO 290

10 CONTINUE
HPIT[(NHR}IE.GDD)

20 CONTINUE
XMNEWTXUN

6. FORMATE/,SX,46HWARNING - M HAS NOT CONVERGED IN 25 ITERATIONS)

RETURN
END

SUBROUTINE AIRPRP

SUBPCUTINE AIRPRP(TD, IUNTS,
66 6M)454106,5P) 52102 ,6D6M1,GM102,XUMU,PRNXKA,LCP)

DTMENSION XX1(24),YY] (208) XMKI(24)

DIMENSION XX2(24),YY2(28)4,XMK2(24)

DIMENSION XX3(24),YY3E24),XMKI(24])

DYMENSION XXU(24),YYU(24) XMKE(24)

COMMON NPC1 ,NPC24VPC3 ¢NPCU L ANGRT JANGR2 JANERI JANGIU g XX 3 XK2 4 XXT oA XU
T YY1 aYY2,YY3 YVt gXMK] g XMKZ g XMK3 g XMKE NREADSJNWRITE

IFCIUNTS .€Q, L1TDZTD#5,./9,

zifi SPLINSINC G NPZY XXl oYY TN ANSRYI,XMK],5}
25[3 CSPLINEANC  NPZ2,XX24YY2,TDANBI? 4 XHK2,X¥U)
=2
::LL SPLINE(NC NPT I X X3,YY3,T),ANGR3 ,XMX3,CP)
rza
::‘IALL SPLINS INCy NPT U oXYU,YYG , TDQANBRU 4 XMKUGXKA)

TFUTUNTS oE0. 1)XWUSXMUS.067137
JFCTUNTS JEG. 11CP=CP%T4229N)



IFLTUNTS oE0. 1)XUAZXKASS57,.8176
IFCTUNTS JEC. 1)T7D2T7D#9./5.
PPNZ=CPesYMUSY600./XK38

6M1-6-1.0

6*106:-511/6

6P1=G+1.D

GP1D2:-6P1/2.0

6D6M™1-1.0/6%1D5

6¥102-6%172.0

[ THE FOLLOWING YU H4AS DIMENSIOY OF SLUG/(FTsSEC)

XMUSXMU/Z32.1729
RFTURN
END

SUBROUTINE PRENTX

SUBROUTINE PRBMTX(NPI 4XK,F,ANGR,50L}
C
C-----TH1S SU3ROUTINE GENERATES THE PROBLEM MATRIX (MATII,J)) FROM THE
C INPUTED X AND Y VBLUES AND CALLS XMTSOL TO SOLVE 171
C
DIMENSION XKE24),F(20) yXKR(24),FRE24) ,SOL (28]}
DIMENSION XX1(28),YYX (24} XMKI(2])
DIMENSION XX2(28),YY2(28),XMK2¢E24%]
DYMENSION XX3€24),YY3128),XMK3E24)
DIMENSION XXU(29),YYQ(2U) 4 XMKG(24)
REAL L(2%),LR(24}),MAT(20,25)
INTEGER OPT
COMMON NPCI 4NPC2,NPC3 JNPCU 4ANGRYIGANGR2,ANGRI JANGRY JXX] ¢ XXZ4XX3 4 XX
B oYY YV 2, YY 3 YY UGN MKL g XMK2 4 XMK34XYUKE JNREAD,NWRITE

NZNP1-1

NP2=N+2

oPI=1

IFUANGR +EQ. D0.010PT=0
IFEQPT JEQ. 013G0 TO 20
ANGROY=ANGR#*3.,1415937180.
CANZCOStANGROT)
SAN=SINCtANGROT)

DO 10 I-1,4NP2
XKR(II-XK(I)eCAN & F(I)8SAN
FREJIZF(IISCAN -~ XK(IDJ#SAN
10 CONTINUE
20 CONTINUE

DO 30 IZ1,N

JF(OPY .EQ. O)GO0 FO 30

LPEII=XKR(T*1D-XKR(T)
30 LCIDZXKtTelP-XKEI}

[ GET SLDPES AT THE END POINTS

YPFSTZCF(23-F(1)}/€XK(2)-XKEL1D)
YPLSTZU(FC(NPLI)-FUINJ)I/UXKENPLY~XN(ND)

JFLOPT .EQ. 1JYPFSTRI(FR(2)-FRITIII/Z(XKRE2)-XKR(2))
IFEOPY .EQ. 1)YPLSTRZ(FR(NPI)-FRENIDI/ZCXKRENPLI)-XKRINT])

Commm= INITIALIZE THE ENTIRE MATRIX TO Z2ERO

DO 80 I-R NP1
DO &0 J=3 4NP2

Q0 MAT(1,J2-0.
MATED,2DTLEY) /3,
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MAT €Y 427=L (1) /6.

MAT (1 NP2IZUF(2)-FL1))/L(2)-YPFST

MATENPI JNIZLIN}/G.

MAT (NP NPL1)CLINY/3,

MATE(NPI JNP2IZYPLST=(F(NPI)-F(N}I/L(N)

IF(OPY ofQs TIMAT(1,)3ZLRC1V/2,

IF(OPT .EQa 1IMAT(1,2)=LRt1ID/b.

IF(OPT +EQe 1IMATELI(NP2IZEFR(2)-FR(1JI/LRUII-YPFSTR
IF(OPT .EQ. 1IMAT(NPI NI-LR(N)/6.

TIF(OPT .EQ. 1MYMATUINP]NPIIZLRIN)}/Z.

IF(CPT .EQe 1IMAT(NP]1 NP2)ZYPLSTR-(FRINPII-FR(N))/LRIN)

DO SO0 Iz2,N

IM1zI-}

IM2z1-2

IPL=-1+1

MAT(I,IM1)-LCIMI2/6.

MATCILIP=(LCIMIDSL(T) )/,

MATHILJIPYICLCTI) /6.

MATCIGNPRIZHUFLIPII-FLINI/ZLU(T) —- CF(I)-FOIMIDI/LLIND)
IFCOPT LEQ. 1IMATUI,IMIICLRCIMI)/B.

IFCOPT JEQs LIMATCILZIDZCLRUIMIDSLRCINIZZ.

IFLOPT .ED. IMMATCILIPID=LRE€II/b.

S0 IFC(OPT LEQe 1IMATEI JNP2IZEFR(IPI)=-FRIIJI/LRCID-tFR(T)I-FRETMI)II/LRL

«IM1)

CALL XMTXSLUINPL MAT,SOL)

RETURYN
END

SUBROUTINE SPLINE

SUBROUTINE SPLINEUNC,NPI XKoFoeXogANERXMUN,Y]}

----- THIS SUBROUTINE GIVES A CURVE FIT VALUE OF Y FOR A SPECIFIED X
----- XMKN (233 IS THE SOLUTION VECTOR OBTAINED FROM .THE INPUTED X AND Y
VALUES IN SUBROUTINE PRBMTX

REAL MKMI JMK LK

DIMENSION FC28) oXKC2U ) o XMKNC2G)

DIMENSION XKR(28),FR(24)

OIMENSION XXB(28F,YYI(2G),XMKEE20)

DIMENSION XX2€24),YY2(28),XMK2¢E20)

DIMENSION XX3€28),YY3(28),XMX3(2N}

DIMENSION XXB€2Q),YYQ (20}, XMKR(2N]

COMMON NPCI JNPC24NPC3 4NPCS JANGRYIZANGRZ4ANGRI JANGRY $XX 1 4XX2,XX3XXH
oYY YY2 oYY VYU gXMK] gXMK2 o XMK3 o XUKA ¢ NREAD,NWRITE

INTEGER OPT

NZNP1-}

NMI=N-}

OPT1

IF(ANGR .EQ. D0.0)0PT=D
IF(OPTY .EQ. 0?60 TO 15
ANGROT-ANBR#*3.181593/380.
‘CAN=COSCANGROT)
SAN=SINCANGROT)

D0 310 I=1,NP1
XKREIDI=XKEIISCAN ¢ FUI)sSAN
FRETIZFEIISCAN -~ XKEID®SAN
10 CONTINUE
15 CONTINUE

————— FOR A GIVEN X, FIND THE XK THAT BRACKET 1Y AND CALCULATE GENERATED



30
L1}

<0
60

70

INDZ=D

IFiX .EQe XKC1DBIIND=-1
IF(XY JLT¥. XKE¢1DDIND=-2
IFCIND LT. DIYZFCR)
IFCIND JLT. D)60 TO 80
IFIX €0 XKENPI}IINDZI
IFCX 6T XK(NPIDYRIINDZ=2
IFEIND .61, DIYZFiNP]1)
IFUIND .6Y. D)G0 VO BO

D0 30 I-2,NP?

IND-D

IFCX oEQe XK(IJDIYZF(I)
IF(Y .EQ0. XK¢ID)}GO TO 130
IF(XKCI-1) LT, X .AND. XK(I) .6F. X)60 10 20
60 10 30

CONTINUE

Im1-1-1

MUMTIZXMUNCINDE)

MKZXMKNCT)

XXMZXK(T-1)

XXIXK(IY

FXZFLT)

FKMIZF(I-1)
LKIXKCI)-XKE¢I-1)

IFCOPY EQ. LIXXMZIXKR(I-1)
IFCOPT .EO0. 1IXXZXKP(I)
IF(OPT EQ. 1IFK=FRET}
IFCOPYT +EQe 1DXFKMICFR(I-1)
IF(OPT +EQes 1JLK=YXKRE¢TD-XKRCI-1)
60 10 &0

CONTINUE

CONTINUE

IFCOPT .EQ. D)G0 TO 70

VYILZ(MIKM L S (XX ~XXMIRET I/ (E*.LKDPSIFUMI /LK ~LKERKM]/ba)®{XX-XXM]

Y2L=(1<D3/TANCANGROT}) $XXM-X/SINCANGROT)
IFCYIL .6T. Y2L)INDCTI

IFLyY2L .67. YILIINDCC=-]

INDCPZINDC

INDCPI--INDCP

DELXR=(XX~XXM}/10.

XRZXXM

DO 50 1-1,30

XRZXR+DELXR
TERMIZ(MKMI*(XX-XR)&23)/(6.%LK)
TERM2-(MKS(XR-XXM)#%3)/(6.%LK)}
TERMIZUFK/LK-MKSLK/bo ) #EXR=XXM)
TERMEZEFKMIZ/LK-LKEMKMI/6 ) *CXX-XR]?
YISTERMI®TERM2+TERMIS TERME

Y22 (1.0/TANCANGROT)I&XR-X/SINCANSROT)
IFeYl .5T. Y2)INDC=1

IFEY2 6T« YIFINDC=-}
CRIT-ABS(Y1-Y2)/ABS(Y]])

IFCCRIT .LE. D0.0002)60 TO 60
IFCINDC EQ. INDCPIMDELXR--DELXR/1D.
TFUINDC .EQ. INDCPIDINDCP-INDCPI
IFCINDC .EQ. INDCPIIINDCPIZ-INDCP
CONTINUE

CONTINUE

ANGINVZ-ANGROT

SANI-SIN(ANGINY)

CANIZCOSCANGINV)

YTY1$CANI - XRsSAN]

60 70 113

CONTINUE
TERMI-(MKM]#tXX-X}**3)/(6.%LK)
TERM2-(MK# (X-XXM)s83)/(H.esLK)
TERMITULFK/LK~MKeLK /b ) BEX-XXM)
TERMUZ(FKMI/LK~LKEMKR /6.1 8EXK~X)
YZTERMLSTERM2CTER“ISTERMG
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72

60 10 110
80 CONTINULE
IFCIND .BEe ~1 «AND. IND .LE. 1260 7O 110
IFLIND .EQ. -21G0 TO0 90
IFCIND .EQ. 2960 7O 100
60 Y0 110
90 WRITE(NWRITE,,60D)IX,NC
60 Y0 110
100 WRITECNWRITE ,6103X,NC
11D CONTINUE
600 FORMATE/45Xs3IHNARNING - A SPECIFIED X-VALUE (,FE0.3,35H) IS BELOW
# THE RANGE OF INPUT TABLE,I3)
610 FORMAT(/SXo31HWARNING -~ & SPECIFIED X-~VALUE (,F1D.3,35H) IS ABOVE
s THE RANGE OF INPUT TABLE,I3)
RETURN :
END

SUBROUTINE XMTXSL

SUBROUTINE YMTXSLENR,XNMAT,SOL)

C
C--=--THIS SUBROUTINE TAKES THE PROBLEM MATRIX AND SOLVES IT BY THE GAUSS-
c JORDAN ELIMINATION METHOD
c
Commm= NR IS THE NUMBER OF ROWNS IN THE MATRIX (ORDER OF MATRIX}
C—=——==XMAT(I,J) IS THE PROBLEM MATRIX TO 8E SOLVED (INCLUDINS THE FORCING F1
C-===~XMATCT,J) IS READ XN CONTINUOUSLY BY RONS (INCLUDING THE FORCING FUNCTIION)
c
Commm- MATCI J) 1S THE OVERALL MATRIX OBTAINED BY ADDING THE IDENTITY MATRIX
c TO THE PROBLEM MATRIX
[
Cov-m- SOL(IY IS THE SOLUTION VECTOR
c
DIMENSION SOL(28),FCT(2a),XMAT(28,25)
DIMENSION XX1€28),YYI (28] XMKIC24)
DIMENSION XX2828),YY2(28),XMK2(28)
DYMENSION XX3(28),YY3(28) ,XMK312])
DIMENSION XXGC24),YYU(2G) ,XMKE(20)
COMMON NPT NPC2,NPC3 JNPCY ;ANGR1,ANGR2,ANGRI JANGRY ¢ X X1 4XX2¢XX3¢XX4
oYY gYY2 oYY T Y YU QAMK] o XMK2 o XMK3 o XMKG 4NREADSNWRITE
REAL MATY(24,49)
NM=NR~-1
NC=NR+}
NNZ=NCel
NLST-NCeNR
DO 10 JUZ1,NC
DO 10 I=1,NR
10 MAT(IJICXMAT(I,J)
[
C--=--ADD THE IDENTITY MATRIX TO GET OVERBLL MATRIX
[
DO 30 J-NN,ZNLST
DO 30 IzZ1,NR
MAT(1,J)=0.
IFCtU-1I) LEC. (NR+*11})GO TO 20
60 10 3D
20 MAT(1,J)Z).
30 CONTINUE
c
Ce=--- MAKE THE PIVOT ELEMENT THE LARGESY ELEMENT
c

NEWZO
DO SO J-1,NR
IF(J 2. NRIGO 10 63



D€ SO 1-J.NM
IP=1+1
IFCABSUMAT(IP,JY) LLT. ABSIMAT(JU,J2Y1)60 TO SQ
NSW=NSW*)
DO &0 JST1I4NLST
STOR=MAT (J,JS)
MAT CJoJSI-MATIIP,JS)
MAT (1P,JS)I=STOR

4D CONTINUE

50 CONTINUE

60 CONTINUE

Cc
Cowmm= REDUCE ELEMENTS IN PIVOT COLUMN TO ZERO, EXZEPT PIVOT
[ 4
D0 BD J=] 4NP
DO 70 IRI1,NR
TD FCTULIRIZMATEIR,JIZNAT (U U}
FCTLJI=0.
DO 80 1ZER=1,NR
DO 80 JZER=J4NLST
MATCIZER G JZERIMAT(IZERGJZERDI-FCT(IZERISMAT(UL,JZER)
80 CONTINUE
[
[ GET THE DETERMINANT
C
DETIZ1.0
DO 90 K=I,4NR
90 DET-DETHMAT (K K)
DET=DET®L(-1,)%sNSW)
(o
C=e== TRAP SINGULARITY
[
ISNEL=D
IFCABSIMAT(NR NRI? LTe 1.E-7 AND. ABSIDET! LY. 1.E~7360 YO 100
GO T0 11D
100 CONTINUE
I1SNGL™]
WRITEC(NWRITE,6DD)
110 CONTINUE
C
C-—-—-~DIVIDE EACH ROW BY IT*S PEVOY TO GET SOLUTION VECTOR AND INVERSE MATRIX
Cc

DO 120 IPIVII4,NR
DIVSMATCIPIV,IPIV)
DO 120 JPIVS1,NLST
MATCIPIV,JPIVIZMATLIPIV,JPIV)/OIVY
120 CONVINUE
DO 130 10:=1,NR
130 SOLCIOY=MATEIO,NC)
600 FORMATC/,20X,36HSINSULAR MATRIX IN SUBROUTINE XMTXSL)
RETURN
END
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TABLE 0. - TABLE INPUTS FOR FCFC PROGRAM

Table Table variable, Correlating
y parameter,
X
1 | Coolant specific-heat Coolant temperature,
ratio, 7, T, K CRr)

2 | Coolant viscosity, Ies
g/cm- sec (Ibm/ft- sec)
3 | Coolant specific-heat at
constant pressure, C
J/g'K (Btu/lbm- °R)
4 | Coolant thermal conductivity,

k., J/cm- sec-K (Btu/ft- hr- °R)

p, ¢’

5 | Impingement-hole discharge Impingement -hole
coefficient, (CD); Mach number, M,

6 Film -cooling -hole total -pressure | Film -cooling-hole
loss coefficient, (KT), . Mach number, Mg

7 | Film-cooling-hole flow reduction (sz)c/ (pV:“‘)g
due to main-stream -gas flow at

g=0° RT

8 |RT correction factor, " | Compound angle, 8,
(RT)g/(RT)p g0 deg

9 | Metal thermal conductivity, ks |Metal temperature,
J/cm-sec-K (Btu/ft-hr-°R) Tpy» K CR)

10 |Ceramic coating thermal conduc- | Coating temperature,
tivity, k., J/cm- sec-K (Btu/ T, K CR)
ft- hr- OR)
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TABLE II. - CHAMBER INPUT VARIABLES

(a) Variables associated with types
of calculations desired

Variable Description Type

IUNTS |Input units - O for U.S. customary T
units; 1 for SI units (default = 0)
ICTR [Centrifugal effects - 0 to exclude;

1 to include (default = 0)

MTC Metal temperature calculations - 0
to exclude (flow analysis only);

1 to include (default = 0)

KCLC |Coating - 0 for no coating; 1 for
coating (default = 0)

MSBL | Main-stream blewing - 1 for blowing;
0 for no blowing (default = 0) Y
OMG Blade rotative speed (default = 0.), rpm |R

(b) Impingement -hole-row variables

NIR Number of impingement -hole rows (=25) |1
NIHPR | Number of impingement holes per row |I(NIR)
R1 Radial location of each impingement row | R(NIR)

from shaft centerline, mm; in.

(Input only if ICTR=1)

DI Hole diameter of each impingement row,
mm; in,

TAUI Impingement -insert thickness at each
row, mm; in,

HSP1 Impingement -hole spacing at each row,
mm; in,

XIMP Impingement distance between insert and
shell inner surface at each row, mm;

in.
P1T Supply total pressure at each impinge -
ment row, N/cmz; psia J
TT Coolant supply total temperature, R
K; Of

RGAS Coolant gas constant (default = 53.35), |[R
J/kg-K; ft-Ibf/tbm- °R
%Where 1 denotes integer; R dendtes real; NIR denotes

number of impingement rows; and NFCR denctes
mumber of film -cooling rows.
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TABLE III. - Concluded.

(c) Film -cooling-hole-row variables

Variable Description Typea
NFCR Number of film-cooling rows (=<50) 1
NFCHPR | Number of film-cooling holes per row I(NFCR)
R4 Radial location of each film-cooling row R(NFCR)
from shaft centerline, mm; in,
(Input only if ICTR=1)
DFC Hole diameter of each film-cooling row,
mm; in.

A5 Shell outer -surface area associated with
each film-cooling row, cmz; in. 2

TAU Shell metal thickness at each film -cooling
row, mm; in.

TAUC Coating thickness at each film -cooling row,
mm; in, (Input only if KCLC=1)

HSP5 Film -cooling -hole spacing, mm; in.

HFC4 Local back-side impingement -heat-transfer
correction factor. (Default=1.0.)

HFC45 Film -cooling -hole heat-transfer correction
factor. (Default=1.0.)

ALPHA | Film-cooling-hole inclination angle at each
row (fig. 3), deg

BETA Film -cooling -hole compound angle at each
row (fig. 3), deg

HGO Main-stream heat -transfer coefficient at
coolant outlet temperature equal to main-
stream-gas temperature, J/(mz- sec- K);
Btu/(ft?- hr- °R)

HG1 Main-stream heat-transfer coefficient at
coolant outlet temperature equal to shell
outer -surface temperature, J/(mz- sec-K);
Btu/(ft%. nr- °R)

TMSG Main-stream-gas temperature at each film-
cooling row, K; °F

P6 Main-stream -gas static pressure at each
film -cooling row, N/cmz; psia

ROVG Main-stream -gas density times velocity,
kg/(m?- hr); Ibm/(ft2- hr). (Input only if
MSBL-=1)

ROV2G | Main-stream-gas density times velocity

squared, kg/(m-hrz); Ibm /(ft- hr2).
(Input only if MSBL=1)

3Where I denotes integer; R denotes real; NIR denotes
number of impingement rows; and NFCR denotes
number of film -cooling rows.
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Tabular
inputs

Chamber
inputs
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TABLE IV. - INPUT LISTING FOR EXAMPLE PROBLEM

Title card = = 'eece-o 2 EXAMPLES FOR FCFC PROGRAM ----~-
10
300. 500. 700, 900, 1100, 1300. 1500. 1800.
Y. V8. T, { 2109. 2500.
1.40 1.386 1.365 1.345 1.329 1.316 1.308 1.288
1.270 1.238
7
pe V8. T, { 300. 500. 700. 1000. 156C. 1900. 2500.
71.aaot-q 2.650E-8 3.350€E-4% 4.200E-8 5.400£-4 6.300E-9 7.600E-4
Cp e Vs T¢ { 300, 500. 700. 1000. 1500, 190G. 2500.
’ 1.008 1.025 1.067 1.138 1.234 1.305 1.5648
7
k,vs. T, { 300, 500. 700. 1000. 1500. 1900. 2500,
2.510E~4% 3.849E-4 5.062E-8 6.862E-4 9.414E-4 1.172E-3 1.736E-3
10
0.0 .05 .20 .30 .40 .55 .70 -85
(CD)i vs. M .95 1.0
.80 .8025 .8175 .8680 «875 <8975 .91 .92
.9225 .9225
10
0.0 .0§ .20 .30 .40 55 .70 .85
®T)ymg VS- .95 1.0
.85 «B4T5 .84 .8275 «805 .75G 4665 «5675
.50 4665
10
(sz) 0.0 .01 .03 .06 .10 .20 a0 .60
RT vs. 1.0 3.2
@Vz) 0.0 «20 «55 .68 «76 86 .91 .93
945 1«0
(RT)B 3
V8. { 8. a5, 90.
ORT)B=00 :.o 1.0 1.0
T00. 8il. 922. 1033, 1183, 1256, 1387, 1922.
km vs. Tm 1700.
.2525 -2802 -3113 - 3825 <3762 4116 ANE2 +9635
.578
K {3
4 vs. T 1033, 1811. 2367,
ct ct L0131 0149 . .0163
SOATT
IUNTS=1, ICTR=D0, MTC=1, KCLCT1, MSBL=1l, RGAS=287.0S,
NIRZ3, NIHPR=10%15, DI=10#0.3068, TAUI=10%0.635,
HSP1=10%3.81, XIMP-10%1,.27, P17¥:10%404,., TT=811.,
NFCR=4 4 NFCHPR=25%15, DFC=3%0.2794, 02580, 21%0ee AS=25%0.96774s TAUZ25%1.,27,
Example 1 TAUC=25+0.127,
HSPSI2582,54, HFC4=25%1., HFC4SZ25%1., ALPHAZUQuy 38es 35¢¢ 33es 21%0.,
BETA=25%0.y P6=373.4, 370.8, 368.5, 368.7, 2180., TMS6I2582550., -
HGOZ5277.p S816e¢ 63B4cy 6951ay 21%0sy HB133972., 842564, U483., 4767., 21%0.,
ROVG=8 .364E6, 4.TB1EG, S.10766, 5.59E6y 21904,
\_ ROV2G=3,204E12, 3,872E12, 4.439E12, 5.362E12, 21%D.$
 SDATT
ICTR=1, MTC=0, KCLC=0, OM6=16825.,
NIRZ15, NIHPRZ15%2,
R1Z217 2y 21947y 222.3, 224 a8y 227+3, 229.9, 232.4, 235.0, 237.5, 2600, 2824694
205,01, 2077, 25042, 252.7,
DIZ1580.,4318, TAUIT1590.381, KSP1-15%3.81, XIMP=1530.762, TTz811.,
P17-284.3, 2B6.49, 28B8.5, 2903.7, 293.0, 295.2, 297.6, 299.9, 3G2.3, 304.8,
307.3, 309.8, 312.8, 315.1, 317.8,
NFCR=15, NFCHPR=15#2,
Example 2 4 R82217.2, 219e7s 222¢3s 22948y 227e3y 229+9y 23248, 235.0, 237.5¢ 2400, 282.6,
205.1y 247.7, 25042, 25247,
DFC=15%0.4572, TAUS15#1.016, HSPSZ]15%2.54, ALPHAZ15¢30., BETAT15%0.,
PEI26445, 265¢25 26640y 2668y 26746y 26848y 26942, 269.9, 270.7, 271.5, 272.3,
2731, 273.8, 274.6, 275.4,
ROVG=S5 .089E6, 5.108E6, 5.12T7E€6, S.145E6, S.163F6, 5.182E6, 5.200E6, 5.219E6,
5.237E6, 5.256E6, S5.275E6, 5.293E6, 5<311€6, 5.330E6, S5.348E6,
ROY26:5.873E12, 5.902E12, 5.930E12, 5.958£12, 5.9B7€12, 6.015E12, 6.088E12,
6.072612, 6.101E12, 6.129E12, 6.158E12, 6.186E12, 6.215€12, 6.243E12,
- 6.272E12%



TABLE V. - TITLE CARD AND TABULAR DATA

OUTPUT FOR EXAMPLE PROBLEMS

—==-- 2 EXAMPLES FOR FCFC PROGRAM =-===-

INPUT POINTS FOR COOLANT GAMMA VERSUS T ARE

X A
300.0129 1.4009
500.0900 1.3860
733.0000 1.3650
900.0000 1.3450

1100.0000 1.3290
1333.3330 1.316)
1500.0000 1.3040
1800.0300 1.2880
2132.0000 1.2700
2500.0000 1.2380

INPUT POINTS FOR COOLANT VISCOSITY VERSUS T ARE
Y

X
332.21223 «1800-03
$00.0000 «2650-03
700.0000 +«3350-03
1331.3000 «4200-03
1500.0000 «5400-03
1900.0000 +«6300-03
253).3000 «7600-03

INPUT POINTS FOR COOLANT SPECIFIC HEAT VERSUS T ARE

X \4
300.0000 1.0040
500.0000 1.0250
733.0323 1.067)

1000.0000 1.1383
1500.0000 1.2340
1933.0000 1.3050
2500.0000 1.5480

INPUY POINTS FOR COOLANT THERMAL CONDUCTIVITY VERSUS T ARE
X Y

33J3.0000 »2510-03
500.0000 +«3849-0D3
700.0000 «5062-03
1233.00133 «6862-03
1500. 0000 «9a814-03
1900.0000 «1172-02
253J.9000 «1736-02

INPUT POINTS FOR IMP. DISCH. COEFF. VERSUS M2 ARE
X Y

+21339 8000
.0500 «8025
»2300 «B175
+3000 «8400
. 4000 «8750
«5500 «897S
«7000 «91090
+8500 «9200
«9500 «9225
1.0000 9225
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TABLE V. - Concluded.

INPUT POINYS FOR FILM COOLING TOT. PRESS. LOSS COEFF. VERSUS M5 ARE
Y

X
.0000 +«8500
.0500 « 8475
+2333 «8401
« 3000 «8275
«4000 « 8050
«5500 «7500
= 7000 «6650
«8500 «5675
+9500 «5000
1.0000 «4665

- —— . - - - - - -

INPUT POINTS FOR FILM COOLING RT VERSUS ROV2R ARE

X Y
.3300 .0000
.0100 2000
.0300 .5500
.0600 +6800
1000 +7600
2000 .8600
.4000 +9100
.6000 9300

1.0000 . 9450
3.2000 1.0000
ROTATION ANGLE = 45.000 DEGREES

INPUT POINTS FOR RTCOR VERSUS BETA ARE

X Y
#3223 1.003)
45,0000 1.0000
90.0000 1.0000

e e e e e - - - - - - — - -

INPUT POINTS FOR METAL CONDUCTIVITY VERSUS T ARE’

X Y
700.0000 «2525
811.3332 «2802
922.0000 «3113

1033.0000 «3425
1144.0000 «3762
1256.0000 24116
1367.0200 LY YA
1422.0000 « 4635
1700.0000 «5780

- —— -

INPUT POINTS FOR COATING CONDUCTIVITY VERSUS T ARE
X Y

1333.3333 «0131
1811.0000 «0149
2367.0000 «0163



mreeme———— OUTPUT FOR CHAMBER

SI SYSTEmM OF UNITS

COOLANT 6A5 CONSTANTZ

281.050

TABLE VI, - EXAMPLE 1 (VANE) CHAMBER OUTPUT

J/IKG-K

THIS CASE KNCLUDES A VYMERMAL BARRIER COATVING

3 ROWS OF ImPINGEMENI HOLES
ROW HOLES DIAMETER (xM? vaLL wo
THICKNESS
1 15 <3098 «635 2.083
2 15 <3088 «635 2.083
3 15 «30488 «635 2.083
9 ROWS OF FILM COOLING HOLES
#0wW HOLES DIAMETER (mm) THICKNESS L/0
WALL----COATING (TOTAL)
1 15 « 2798 1.270 127 T.779
2 15 «27909 1.270 o127 8.121
3 15 «2798 1.270 w127 8.717
L] 15 «2580 1.270 o127 lo.098
IMPINGEMENY AND FILM COOLING FLOMS HAVE CONVERGED IN
INFLOVW EQUALS 20+263 KG6/HR
IMP  PSPLYT P2 k4 127 T2 winp
ROV tN/CHee2} Ky tK6/HR)
1 s08.000 390.97y .221 8l1. 80a. 6.758
2 8gs.0u0 390.971 ,221 8ll. BD% . 6758
3 ais.0u0 390.971 .221 811 804 . 6.75%
OUTFLOW EQUALS 20259 KG/HR
fC P37 Pa LL] Ty T8 7 P57 P5
HUW IN/CHEs2) (13} /U{N/CHEe2)
1 390.971! 378.327 .191 998, 987./ 382.988 373.500
2 390.971 371.911 .205 982. 975.7/ 381.768 370.800
3 390.971 369.816 4217 971. 963.7 38D.726 368.503
4 390.97) 365.822 ,L235 1001. 991.7 379.010 388.70)
HEAY TRANSFER RESULTS
FC HEAT-TRANSFER-COEFFICIENTS MH-MOD-FACTORS COOLED
RHO¥ HEL HG61 FC-HOLE INP6 FC-HOLE 1IMPS AREAN
CJ/(Mee2eSECHK) ) {Cmes2)
1 5217. 3912. 9733. 8897 1.000 1.000 «968
2 5Bl16. 4256« 10100, &8892. 1.000 1.000 «968
3 6388, 44883. 10397. 8882. 1.000 1.000 «968
4 6951, a767. 10915, @&908. 1.000 1.000 - 968

HOLE IMPINGERMENY R1 P1T
SPACING DISTANCE nm) {N/CPHse2)
3.810 1.270 «000 808 .00U
3.810 1.270 +000 90& ,000
3.810 l1.270 +«000 804 .000
HOLE ALPHA BETA RHOVE RHOV26 rRA
SPACING {DEG)Y (DEG) (KG/MSs2eHP) (KE/ME*HR®$2) [LLEENY.
2.5%0 80,00V «0U0 «436480+07 »3208U+13 <000
2.530 38.000 <300 .a7810+07 «38720413 +000
2.590 35.000 000 «51070+07 +48390+13 000
2.5%0 33.000 +»000 +55900+07 +53620413 00U
8 OVERALL ITERATIONS
coInP
«821
-821
»821
ns 157 T5 JICTIF woul L8] RY RY RHOV RHOYS
(3.9 ) 7 K} tRG/HR)Y CORR RATIO RATIO
+195% 1029. 1022.71023. 9.833 .880 .93% 1.000 1.283 <768
+210 1020. 1012./1018. 5.176 .839 .937 1.000 1.256 730
«222 1012. 1003.71005. 5,867 .B38 .936 1.000 1.2a3 799
«282 1084, 1033./71037. 4.783 836 .93> 1.000 1,208 «5687
6AS MALL-VEMPERA TURE AV6.-THERM,-COND. ETA
tENP OUTSIDE INTFACE INSIDE mETAL COATING t1co-1cy/
(L8] 113 ty (L8] tJ/CCHeSECeX T} tIwo-IC
2550. 15308, 1232, 1132, 388 «018 <3018
2550, 1583, 1238, 1133, 389 «01% «2856
2550. 1582, 1229, 1129. -387 «01s «2783
2550. 1552 1290, 1181, «391 «018 .3101

Py
7Cnse2)

373.000
370,890
368,500
368,700

Q ITRS

NN N

R

"
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-------- OUTPUT FOR CHAMBER

S1 SY5Tkm OF UNLTS

COOLANT GAS CONSTANTZ

287,050

TABLE VII. - EXAMPLE 2 (BLADE) CRAMBER OUTPUT

JI7UKE-K}

THIs CASE INCLUDES CENTRIFUGAL EFFECYS. ROTATIONAL SPEED EQUALS

16825.,00

RPM.

THIS CASE 1S FLOW ANALYSIS ONLY AND INCLUDES NO METAL TEMPERATURE CALCULATIONS

1% ROWS OF IMPINGEMENY HOLES

ROW HOLES DIAMETER (mM) waLL ts0
TRICKNESS
) 2 H318 .381 +8B2
2 2 +4318 +381 «882
3 z «4318 «381 882
L4 2 9318 381 .882
S 2 «8318 381 882
6 2 8318 «381 «882
T 2 +9318 +381 +882
8 2 «4318 «381 +BB2
9 2 4318 +381 882
i 2 «a318 +381 882
11 2 +H31H «381 882
12 2 4318 +381 882
13 2 -9318 381 +882
18 2 <4318 381 882
15 2 «4318 «381 882
15 HKHOWS OF FILM COOLING HOLES
RUM HOLES OIAMETER (mn) THICKNESS L/o
WALL----COATING (TOTAL)
1 2 «8572 1.016 +000 4.8484
Z 2 <8572 1.016 -0090 8,840
3 2 4572 1.016 -300 9.5a4
L] 2 <4572 1.016 «300 J.094
> 2 #8572 1.016 000 S.449
[y 2 24572 l.006 000 9.984
7 2 «4572 l.0l6 000 §.4484
8 2 «4572 1.016 +000 9.944
v ¢ 4572 1.01l6 «000 Yebuy
1w 2 «4572 1.Uls +000 G.q48
t1 2 4572 1.016 »200 9,849
1z 2 8572 1.01¢e +200 §.848
13 2 24572 1.01& 000 4.048
19 2 «4572 1.0%6 Pyililed %.4948
15 2 <4572 1.016 «JU0 49.4%44
IMPINGEMENT AND FILM COOLING FLOWS HAVE CONVERGED In
FNFLOW EQUALS 23.952 KG/HR
e PSPLYT P2 n2 121 T2 yime
ROW (M/CHe®Z) Ky tKG/HR)
1 284,300 271.933 4257 811 802. 1.481
2 2664900 273.921  .257 811, 802. 1.4993
3 268.5u0 276.028 256" B8lite 802% 1.498
q 298,700 278.092 .257 Bll. 802. 1.512
5 293.,uuD 280.196 ,258 B1l. 802. 14530
6 29%.200 282.826 256 B1l. 802. 1.533
7 297,600 288.610 .25%7 811, 802. 1.553
8 299,9UC 2B6.926 +256 811. 8p2. 2.558
9 s02.,3u0 289.198 +257 811. 802. 1.572
10 3vs.800 291.5U% .257 811. 802 1.590
11 3p1.3u0 293,954 .257 A11. 802. 1.599
12 3cv.800 296.354 ,257 811, 802. 1.612
13 312.%U00 298,896 .256 B1l. 8Q2. 1622
18 315a1uD 301.387 .25%7 81t. 80Z. 1.682
15  317.800 3U3.928 .258 811. 802. 1.658
OQUIFLOW EDUALS 23.9491 XG6/HR
tC P33 Py LL) T4t 18 7 PST PS
RQW (N/7CHee2) ({ %) 7(N/Cnee2)
1 271,953 268.682 150 R11. BOB./ 268.533 264,500
¢ 273.921 265.360 <162 B811. 807./ 269.933 265,200
3 276.028 2664178 L173 811, BO7./ 27)1.488% 266.003
4 278.092 266.993 .184 Bll. BU6s/ 272.933 266.800
S 280.l96 267,878 <193 911l. BUb.7 279,880 267.600
b 282.826 268.620 ,208 PBll. BUS./ 276.,U2% 268,800
7 2Bu,.,b1lU 269.437 .219 8ll. 8U5.7 277.%81 26%9.209
© 286,926 270,151 224 91). BUN.7 27°9.168 269.900
¥ 289,198 270.963 233 E£11l. BROD3I./ 280,769 270,700
U Z91.5U5 271.778 L2822 Rll. RU3./ 28B2.397 271.500
11 293.958 272.592 .25z Bl1l. 802.7 2B8,103 272.309
12 296 .35% 273.491 .260 Bll. B8Ul./ 285.783 273.100
15 298.896 274.111 =270  3Bl1. BULl./ 287,898 273.800
14 sUl.s87 274.916 27y Rll. BUD./ 289,231 278.500
15 3u3.928 275.728 L2B7 Rll.e 799.7 290.991 275.800

HOLE IMPINGEMENT R1

SPACING DISTANCE (nmMl

3.810 o762 217.200

3.810 «762 219,700

3.810 o762 222.300

3.810 o762 224.800

3.810 o762 2271.300

3.810 o762 229.900

3.810 o762 232.800

3.810 o762 235.000

3.810 o762 237.500

3.810 762 280. 000

3.810 o762 292.600

3.810 2762 285.100

3.810C o762 287.700

3.810 «762 250.200

3.810 o782 252,700
HOLE ALPHA BETa
SPACING (0ESY

2.580 Sv.t0U <900
24580 3U.00U <000
2.580 30.000 200
2.580 30,330 «300
2.580 30.800 « 000
2.540 30.00U » 200
2.580 S0.000 -0u0
2.580 30,000 -080
2.54Q0 3u.000 -000
2.580 30.000 «000
2.580 30.300 »900
24580 30.00U »000
2+504 30.000 «0UQ
2.584 30.000 +000
2.580 30.000 « QU0

9 OVERALL ITERATIONS

CoInpP

«828

828

828

«828

.828

.828

-828

-828

828

.828

828

828

-828

=828

.828

ns ST TS FYCTIF wouy

(13 1% tKB/HR)

<150 81il. 808B.s [ 957
«162 8l1. 8G7./ C. 1.060
«175 811, 8UT./ 0. l.1%86
«188 811. 8)b6./ J. 1.282
«198 811, B806./ LY 1432%
<204 Bll. BD5./ Qe 1.011
«214 ©11. BUR./ 0. 1.489
«228 811, 80&8./ 0. 1.577
«23%  811. 803,/ Jde 1.653
293 811. 803./ 0. 1.730
«252 811, B802./ 0. 1.811
«261 811, 801./ De 1.887
«271 811. B8i1./ b 1.972
«279 811. 800./ 0. 2.087
<288 8l1l. 799./ U 2.123

P1T

(N/CHee2)

284,300
286.800
288.500
290.700
293.000
295,200
297.600
299.900
302.300
304.80V
307.300
309.8u0L
312.800
315.1450
317.800

RHOVE
(OEGS (KG/M®s2sHR)

+50890+07
51080407
«51270¢C7
+51853+07
+51630407
+51820+07
+92000+07
«5219007
-52370e0C7
+52560+07
«52750+07
+52935007
«53110+07
«5330007
.5348007

KT

<883
+883
.842
841
+ 880
=880
839
«838
+837
-836
«83S
«833
832
«831
«B30

RT

«846
+ 868
877
SHBO
«B93
899
908
U9
»913
917
«921
.92%
.927
930
«933

RHOV26G RA (4.3
(KG/MeHR*%2) tRM) EN/CHOC2)
«58730+13 217.200 268.500
«59020+13 219,700 265,200
+59300+13 222.300 266,931
5958013 228 .800 2664300
+59870+13 221.300 267.600
«60150¢13 229.900 268,403
~6D840+13 232.500 269,200
+60720°%13 235.000 269.900
61010013 2371.500 270.702
«61290%13 280.000 271.500
«61580+13 282.600 2712.300
+61860¢13 285.100 2135.109
62150413 247,700 273,840
«62830+13 250.200 274.600
«62720+13 25%2.704 2754409

RT RHOY RHOVSQ IFRS

CORR RATIQ RATIO

1.L00 «6T7 177 2
1.000 «732 207 2
1.000 «783 237 2
1.000 «B830 +265 2
1.000 «875 295 2

1.000 922 327 2

l1.000 - 965 357 2

l.ULY l.u12 #393 Z

1.000 1.053 2925 2

1.000 1.098 857 2

1.000 1.136 993 2
1.000 1.17% 527 2
l.upu 1.219 oSbb F4

1.000 1.258 «602 2

1.000 1.296 638 2



*sajbue ajoy-6ui003-w(1y. jo suoiuyaq - ‘¢ ainbiy

U01}o84|p Weauls
-seb asimpaoy)

Saj0y Jo moJ
joauliguad |/
1e aue|d yusbuej —

*U0)}BIYI)USP] UOIIR}S PUB U0I}DaS $S0J9 Jaqueyd - 'Z aanbiy

sajoy

awabuidw| o~ wnuald
|

~—— £1ddng

r _ Tl |
NMOOMNIHINNNN NS

— 1

1asu| — m
€
Z
qQy — H
A— v
184S
wolj seb / \ - uoners
weau)s-utew / ;o
/ ,
mm_oc/ ) 7

Burjooa-wyy -~

Jnojuod

828J4NS-43}N0 |[3YS

o

~~— aueyd yuabue)
0}JUO 3U1|43}UdI
ajoy Jo uonldoad

*ape|q pajooa-tu)1j-abesanca-|nj [ealdk} Jo uoyaas - 1 aanbig

P~ o —— a

uonedo|
asimpaoy)

/7
/ \\
7 uoljeso|
« /
/ (1elpeJ)

l/
et

83



Impingement

rows

- Spanwise film-
cooling row

Hub - ——

L Chordwise film-

cooling row

Figure 4. - Vane chamber division.
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cooling rows

L Chordwise film-

Figure 5. - Blade chamber division.
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Impingement 3

rows:

Chamber -~

I r
i
I
[

! -3 © o °5°%e F‘.% >
R R
: °o ::°:: 22 eelolele
BIDCPEEDE S WIN
,°::°::°:°:::|°|ZI°
R IS e
° . :o°:o ° :°: °|°|°|o
li/q)/’—l j
! Film-cooling rows: 4 321
Impinge-{ Number of| Hole
ment | holes per |diameter,
row row cm
1 15 0. 0508
2 15 . 0508
3 15 .0508
Film- | Number of|Hole diameter,| Main- | Main-stream| Main-stream| Main-stream | Main-stream
cooling| holes per cm stream density density 60,2 glLb
row row static times times Jitm® - sec - K)| JH{m® - sec - K)
pressure,| velocity, velocity
Pé, 2 pv, squared,
Nlem® | ggim2. hry| OV )
kglim - hr)
1 15 0. 04064 373.4 | 4.364x10° | 3. 2001013 5217 372
2 . 04064 370.8 | 4.781 3.872 5816 4256
3 . 04064 368.5 5.107 4.43%9 6384 4483
4 .0381 36.7 | 5.590 5. 361012 6951 4761

dMain-stream-gas heat-transfer coefficient for coolant temperature equal to main-stream gas temperature.
'Main-stream-gas heat-transfer coefficient for coolant temperature equal to shell outer temperature.

Figure 8. - Vane chamber of example 1.
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